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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of  science 
and  technology  relating  to  aerospace  for  the  following  purposes: 

- Exchanging  of  scientific  anci  technical  information; 

- Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
pasture, 

' - Improving  the  co-opvration  among  member  nations  in  aerospace  research  and  development; 

- Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Milita./  Committee  in  the  field 
of  aerospace  research  and  development; 

- Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  and  development  problems  in  the  aerospace  field; 

- Providing  assistance  to  membei  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

--  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for 
lhe  common  benefit  of  the  NATO  community. 


The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace 
Applications  Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NaTO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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SUMMARY  OK  SLSSION  VI! 
OPTIC AL/IR  ENVIRONMENT 

by 

I)r  II.J.AIhrcdll 
Session  Chairman 


The  programme  o!'  the  session  resulted  in  a reasonable  coverage  of  the  subject  concerned,  namely  the  operational 
modelling  in  the  optical  and  infrared  environment.  Following  an  excellent  review  paper  on  the  entire  Held 
(R. A.McClatchey,  E.P.Shetllt,  atmospheric  optical  transmission  modelling  and  prediction  schemes),  three  contributions 
dealt  with  models  regarding  the  transfer  of  radiation  in  the  atmosphere  (H.J.Jung,  M.Kerschgcns,  E.Raschke),  the  extinc- 
tion and  scattering  by  hvdrometeors  in  the  range  between  0.25  and  1 5 pm  considering  general  weather  situations  (W.Eckl, 
lI.J.Fluss,  H.Hallwachs),  and  the  prediction  of  vertical  temperature  and  moisture  stratification  in  the  baroclinic  boundary 
layer  (W.Behnke). 


The  above-mentioned  review  paper  covered  the  present  slate  of  the  art;  it  was  mainly  based  on  computer  pro- 
grammes foi  transmission  characteristics  in  the  special  range  between  0.25  pm  and  14  cm,  designated  i 1 IT  RAN  with 
appropriately  high  resolutions  as,  for  instance,  required  for  the  description  of  LASER  transmission  spectra,  and 
LOWTRAN  with  less  resolution  and  more  reasonable  computer  time-requirements.  A comprehensive  data  hase  is  being 
used  together  with  the  IHTRAN  programme,  as  far  as  the  optical  properties  of  atmospheric  molecules  are  concerned. 
Assumptions  are  made  til  regard  to  the  absorption  line  shapes  as  a function  of  atmospheric  pressure.  Between  8 and 
14  pm  as  well  as  3.5  and  4.2  pm  water  vapour  continua  are  evident,  a quasi-continuous  absorption  feature  around  4.3  pm 
due  to  nitrogen  molecules  has  also  been  taken  into  account.  Absorption  and  scattering  of  aerosols  have  been  treated  as  a 

• Mtspnrntinrs  ismnlav 
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slowly  vaiym£  continuum  function  wincii  is  audeu  to  the  more  rapidly  vary; 
index,  size  distribution,  and  origin  of  aerosols  are  examples  of  parameters  used, 
present  state  of  the  art  have  been  reported  in  this  review. 


In  summary,  problem  areas  and  the 


The  second  paper  in  this  session  discussed  the  use  of  atmospheric  radiative  transfer  models  to  describe  effects  in 
optical,  infrared  and  microwave  spectral  langes;  special  applications  were  illustrated,  such  as  estimates  of  cloud  effects 
as  a function  of  altitude,  optica!  thickness  and  dropsize  distribution,  and  of  a relationship  in  the  microwave  region 
between  brightness  temperature  at  the  cop  of  the  atmosphert  and  cioud  thickness  expressed  in  terms  of  precipitation 
rat  - The  possibility  of  estimating  precipitation  intensities  from  brightness  temperature  was  mentioned,  with  particular 
rcferei.’e  to  rainfall  above  ocean  surfaces. 


The  contribution  on  calculation  of  extinction  and  scattering  between  0 25  and  15  pm  by  hydrometeors  concerned 
relevant  meteorological  conditions  during  general  weather  situations  typical  for  the  central  NATO-region,  or,  in  other 
words,  the  geographic  area  of  the  Federal  Republic  of  Germany.  For  this  purpose,  a modified  version  of  the  LOWTRAN 
model  was  utilized  to  consider  scattering  and  extinction  by  precipitation  and  clouds.  Meteorological  input  data  typical 
of  the  most  common  weather  situations  included  profiles  of  barometric  pressure,  temperature,  humidity,  and  data  on 
precipitation  and  clouds.  Although  the  accuracy  of  data  assessment  has  to  be  considered  variable  and  may  be  marginal 
for  some  parameters,  the  experiment  as  such  is  interesting;  it  represents  a first  attempt  of  system-oriented  predictions  on 
the  basis  of  recognized  general  conditions  and  their  trend. 

I he  final  paper  in  this  session  referred  to  vertical  temperature  and  moisture  stratification  in  the  baroclinic  boundary 
layet  up  to  an  altitude  of  one  to  two  kilometres.  The  model  aims  at  a determination  of  heights  of  inversion  layers  as 
a function  of  ground  roughness  and  baroclinic  conditions.  Effects  on  the  stratification  of  the  refractive  index  were 
mentioned. 

Discussions  related  to  this  session  generally  supplemented  the  information  contained  in  papers  presented.  In  some 
cases,  questions  addressed  new  fields  of  research  in  electromagnetic  wave  propagation  and  in  the  appropriate  behaviour  of 
propagation  media  This  summary  leleis  to  the  more  significant  discussion  areas. 

An  example  of  research-related  discussion  topics  is  the  artificial  modification  of  propagation  media.  Full  applic- 
ability is  indicated  for  most  mcdels,  results  bei  tg  generally  as  useful  as  the  input  data  are  reliable.  Specific  comments 
again  emphasized  the  discrepancy  in  the  present  state  of  the  art  as  far  as  the  rather  advanced  identification  of  molecular 
chaacteristics  is  concerned,  in  comparison  to  that  of  aerosol  effects. 
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The  evaluation  ol  humidity  effects  on  rural  aerosol  models  was  mentioned  as  a possibility  of  using  such  dependence 
as  a method  of  estimating  humidity . 

Several  continents  referred  to  limitations  governing  determination  as  well  as  consideration  of  | recipitation  charac- 
teristics, in  addition  to  adjacent  problems,  such  as  their  vertical  distribution  as  an  example  of  applicability  in  satellite 
communication  links  on  microwave  frequencies.  Reference  was  made  to  the  use  of  microwave  images  to  investigate  the 
extent  of  precipitation  cells. 

The  presentation  of  a new  model  using  general  weather  situations  typical  of  geographically  l.mited  regions  led  lo  the 
discussion  of  relevant  aspects.  C riteria  of  mesh  density  and  validity  of  data  for  portions  of  such  a regiun  were  discussed 
with  respect  to  the  Held  of  application  in  modelling  propagation  characteristics.  Although  such  questions  did  not  only 
refer  to  the  area  coveted  l>  this  session  on  optical  and  infrared  environment,  they  were  here  touched  upon  as  a mean: 
of  evaluating  the  feasibility  of  such  a new  approach. 

Differing  levels  of  validity  were  identified  for  different  parameters  with  precipitation  rate  tnd  dropsUe  distribution 
as  examples  of  low  reliability  due  to  the  existing  difficulties  in  appropriately  assessing  data.  K<  cping  in  mind  such  limita- 
tions, the  approach  seems  to  lead  to  more  useful  predictions  of  propagation  characteristics;  further  investigations  are 
necessary 

In  conclusion,  papers  presented  and  discussions  of  relevant  aspects  during  this  session  an  optical  and  infrared 
environment  have  led  to  a review  of  the  state  of  the  art  in  relevant  operational  modelling,  ,o  reports  on  current  activities, 
as  well  as  to  an  identification  of  areas  in  which  further  research  appears  to  be  particularly  promising. 


ATHQSPHLR1C  OPT  I CAL  TRANSMISSION  MODELLING  AND  PREDICTION  SCHEMES 
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R.A.  Mcflatchey,  (OPI ) 

E.P.  Shettle,  (OPA) 

Air  Force  Geophysics  Laboratory 
Hanscom  AFB,  Massachusetts  01731 


SUMHARV 


The  optical  modelling  ct'  the  atmosphere  requires  a detailed  knowledge  oF  the  physical  and  optical  proper- 
ties of  the  atmosphere  Including  temperature,  pressure  and  the  distribution  of  molecular  and  aerosol 
constituents  responsible  for  atmospheric  extinction.  Our  knowledge  of  the  optical  properties  of  atmos 
pherlc  molecules  Is  embodied  In  the  AFGL  Atmospheric  Absorption  line  Parameters  Compilation,  so  this 
data  ba„e  together  with  the  HITRAN  code  provides  the  basis  for  high  spectral  resolution  atmospheric 
optical  modelling.  The  properties  of  aerosols  can  not  be  handled  In  quite  so  straightforward  a manner. 

The  major  difficulty  In  dealing  with  the  atmospheric  aerosols  is  the  large  natural  variability  of  their 
properties.  Our  work  In  modelling  these  properties  will  be  described.  The  LOWTRAN  code  provides  a 
moderately  low  spectral  resolution  atmospheric  propagation  model  of  both  the  atmospheric  molecules  and 
aerosols  without  the  extensive  computer  time  requirements  of  HITRAN.  Recent  work  in  developing  an 
atmospheric  radiance  version  of  (OUTRAN,  and  LASER  which  Is  a version  of  HITRAN  including  continuum 
absorption  and  aerosol  extinction  will  also  be  discussed. 

1.  INTRODUCTION 

The  ultimate  objective  of  atmospheric  transmission  modelling  Is  to  be  able  to  predict  the  opacity  of  the 
atmosphere  along  any  geometric  path  under  any  atmospheric  condition  at  any  wavelength  given  a set  of 
measured  or  predicted  meteorological  parameters.  We  would  like  to  carry  out  such  predictions  at  extremely 
high  spectral  resolution  pertinent  to  the  transmission  of  laser  rrdlatlon  or  at  low  spectral  resolution 
consistent  with  broad-band  systems.  For  the  purpose  of  this  presentation,  the  spectral  range  will  be 
limited  to  the  region  from  0.25  pm  to  the  submll 1 Imeter  region  (about  22  GHz). 

Our  ability  to  attain  this  ultimate  objective  has  be^n  substantially  advanced  In  the  past  several  years, 
but  there  are  still  a number  of  outstanding  Issues  which  require  further  effort.  To  tiie  extent  possible, 
we  have  attempted  to  embody  these  advances  In  the  tro  atmospheric  transmission  prediction  codes:  HITRAN 
and  LOWTRAN.  We  will  describe  the  state-of-the-art  of  each  of  these  prediction  codes  and  also  indicate 
those  areas  where  further  work  Is  necessary. 

Equation  1 Indicates  the  need  to  determine  four  extinction  coetf1c*ents  as  a function  of  wavelength  (or 
frequency)  across  this  u> uou  spectral  region:  o sod  are  th'  scattering  coefficients  due  to  atmospheric 
molecules  and  aerosols  respectively  and  1^  and  mk  are  absorpt  jn  coefficients  due  to  molecules  and 
aerosols.  The  total  extinction  coefficient  Is  then  given  In  Equation  2 and  the  transmission,  t,  Is  given 
by  application  of  Equation  3 where  L represents  the  atmospheric  path. 


o(A)  - om(X)  + oa ( A ) ; k(X)  = kjx)  + kfl(X) 


(1) 


y(X)  * o(X)  + k(X) 


(2) 


it(x)  « e 


/ Y<x)dl 


(3) 


Except  for  k , these  extinction  coefficients  are  slowly  varying  functions  of  wavelength.  The  molecular 
absorption  coefficient,  however,  In  the  vicinity  of  discrete  absorption  lines  and  bands  Is  a very  rapidly 
varying  function  of  wavelength.  This  distinction  requires  us  lu  treat  molecular  absorption  in  a consid- 
erably different  way  than  we  treat  the  remaining  three  extinction  processes.  Furthermore,  even  the 
molecular  absorption  is  composed  of  a rapidly  varying  component  and  a more  slowly  varying  component 
generally  characterized  as  "continuum"  absorption.  We  will  treat  this  separately  In  the  discussion  to 
follow. 


The  complexity  of  atmospheric  absorption  Is  Indicated  in  Figure  1 In  which  a series  of  solar  spectra  In 
the  Infrared  are  shown  from  various  allltudes.  The  detailed  fine  structure  Is  all  due  to  molecular 
absorption,  and  the  slowly  varying  extinction  mentioned  above  has  been  normalized  out  In  these  spectra. 

For  comparison,  Figure  2 provides  a synthetic  spectrum  generated  with  the  AFGL  HITRAN  code  In  the  region 
around  10.5  um  and  includes  the  total  effect  of  molecular  absorption  Including  a model  of  the  molecular 
absorption  continuum  based  on  laboratory  measurements.  The  variation  with  wavelength  of  the  remaining 
three  extinction  coefficients  Is  Indicated  In  Figure  3 for  two  of  our  model  atmospheres  and  two  visibility 
conditions. 

The  prediction  of  atmospheric  transmission  requires  us  to  model  the  meteorological  properties  of  the 
atmosphere  and  the  optical  properties  of  the  pertinent  atmospheric  constituents.  We  will  now  describe 
the  status  of  these  modelling  efforts. 


ATMOSPHERIC  MODLLS 
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2. 

The  atmospheric  path,  over  which  the  atmospheric  transmission  Is  to  De  computed,  must  be  completely 
described  In  terms  of  the  parameters  responsible  for  both  molecular  and  aerosol  extinction.  As  will 
Lit-:cne  more  clear  later,  the  description  of  the  atmosphere  In  tei-ms  of  Its  temperature,  pressure  and  the 
concentrations  of  molecular  species  along  the  path  will  conplete-y  describe  the  meteorological  properties 
of  the  atmosphere  for  purposes  of  molecu’ar  scattering  and  absorption.  For  practical  purposes,  several 
of  the  molecular  constituents  of  the  atmosphere  can  be  assumed  uniformly  mixed.  Table  1 Identifies  these 
species  and  lists  concentration  values.  Two  outstanding  exceptions  are  ozone  and  water  vapor  and  Figure  4 
Indicates  some  typical  variations  with  altitude.  Fortunately,  the  required  quantities  for  the  computation 
of  atmospheric  molecular  absorption  are  regularly  measured  at  most  meteorological  stations  around  the 
world.  In  the  case  of  aerosols,  however,  this  Is  net  so.  The  only  quantity  measured  routinely  at  some 
stations  Is  visibility  and  there  Is  great  non-uniformity  In  the  methods  of  measurement.  Furthermore, 
the  relationship  between  a measured  visibility  at  visible  wavelengths  and  the  required  aerosol  quantities 
(concentration,  size  distribution  and  refractive  Index)  Is  not  straightforward  and  Is  certainly  not  unique. 
Therefore,  we  must  depend  on  our  general  understanding  of  aerosol  distributions  and  properties  to  develop 
models  for  general  use.  We  must  then  develop  the  relationships  between  these  models  and  standard  meteoro- 
logical Information  so  that  the  models  can  be  optimally  applied  to  real  atmospheric  situations  or  to 
atmospheric  statistics. 

Figure  5 provides  a set  of  models  for  the  vertical  distribution  of  the  number  of  aerosol  particles.  This 
set  of  curves  Is  based  on  an  extensive  set  of  extinction  coefficient  measurements  made  by  a large  number 
of  investigators.  Further  information  on  these  aerosol  models  may  be  found  In  the  AGARD  report  by 
Shettle  and  Fenn  1.  Figure  6 compares  the  boundary  layer  models  with  measurements  and  Indicates  the  varia- 
bility of  the  concentration  of  aerosols  In  the  lowest  layers  of  the  atmosphere  since  the  extinction  co- 
efficient variation  (the  abscissa)  Is  primarily  due  to  variations  in  particle  number  density. 

3.  OPTICAL  DATA  (MOLECULAR) 

2 

The  AFGL  Atmospheric  Absorption  Line  Parameters  Compilation  is  the  data  base  available  for 
computing  the  contributions  from  discrete  molecular  absorption  lines  to  the  atmospheric  extinction.  It 
forms  the  basis  of  the  various  HITRAN  transmission  codes.  The  molecules  for  which  the  line  parameters 
are  contained  in  this  compilation  are  Indicated  in  Table  2 together  with  a figure  Indicating  the  number 
Of  molecular  absorption  lines  of  each  molecular  species  for  which  parameters  are  Included.  The  para- 
meters which  make  up  this  data  cor.;p1  latlon  Include  (for  each  absorption  line)  the  line  position  (frequency), 
Intensity,  half-width,  energy  of  the  lower  state,  quantum  numbers, .isotopic  Identification  and  molecular 
Identification.  Efforts  have  continued  to  update  this  compilation3’*  as  new  experimental  results  become 
available.  The  basis  for  inclusion  in  this  data  compilation  Is  the  line  Intensity  criterion  Indicated 
In  Figure  7.  All  lines  of  sufficient  strength  to  produce  an  optical  depth  exceeding  0.1  over  the  indicated 
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The  utilization  of  the  Line  Parameters  Compilation  requires  a knowledge  Df  molecular  absorption  line 
shapes.  Our  HItran  model  currently  assumes  a Lorentz  line  shape  In  the  lower  atmosphere  tor  all  pressures 
less  than  10  mb,  a Voigt  shape  in  the  region  from  10  mb  to  0.1  mb  and  a pure  Doppler  line  shape  at  lower 
atmospheric  pressures.  Although  the  jppllcablllty  of  the  Lorentz  line  shape  remains  In  some  doubt  for 
distant  line  wings,  It  has  generally  been  found  to  represent  experimental  data  adequately  within  a few 
wavenumbers  of  the  centers  of  absorption  lines.  The  Lorentz  line  shape  Is  Indicated  In  Figure  8 and  the 
mathematical  form  Is  given  In  Equation  4.  Equation  5 represents  the  temperature  dependence  of  the  line 
Intensity. 
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(5) 


Apart  from  constants,  an  examination  of  Equations  4 and  5 show  that  the  absorption  coefficient  as  a 
function  of  frequency  is  determined  If  the  line  position  (fiequency),  Intensity,  half-width  at  standard 
conditions  of  temperature  and  pressure,  and  the  energy  of  the  lower  state  (E")  are  defined  for  each  line. 
These  are  the  four  fundamental  parameters  used  In  the  HITRAN  calculations  for  each  absorption  line. 

The  application  of  the  molecular  data  compilation  to  the  generation  of  a monochromatic  transmission  or  to 
a high  resolution  spectrum  then  follows  the  straightforward  application  of  Equations  6-9.  Equation  6 
computes  the  monochromatic  transmittance  due  to  a single  line  of  a single  molecular  species.  Equation  7 
then  sums  the  contributions  to  the  absorption  coefficient  at  the  frequency,  v,  from  all  lines  associated 
with  a given  molecular  species  as  well  as  all  lines  associated  with  different  molecular  species.  Equation 
8 Indicates  the  necessity  to  Integrate  this  result  through  an  atmospheric  path  containing  temperature, 
p. essure,  and  concentration  gradients.  Finally  Equation  9 Indicates  that.  In  general,  it  Is  necessary  to 
convolve  the  resulting  monochromatic  transmittance  results  with  some  kind  of  finite  Instrument  spectral 
response  function  If  one  Is  to  generate  a spectrum  for  comparison  wHh  measurements. 
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t(v)  “ exp  - ^k(v)mj 

(6) 

t(v)  - exp  - [Vj  V1  (v)  1 

(7) 

x(v)  - exp  kj,  (v)  d«ij)] 

(8) 

t(u)  - 9 (v  " vo>  dv 

(9) 

/g(v  - v ) dv 

Applications  of  this  calculation  scheme  repeatedly  at  small  frequency  Increments  will  generate  a high 
resolution  absorption  spectrum,  An  example  of  such  a calculation  Is  shown  in  Figure  9 compared  with  a 
laboratory  measurement  In  the  wing  of  the  15  un  CO-  band.  A second  example  Is  shown  In  Figure  10  where 
a computed  snectrum  Is  compared  with  a segment  of  L one  of  the  spectre  shown  In  Figure  1. 

As  noted  above,  In  addition  to  molecular  absorption  by  discrete  absorption  lines,  there  exists  a slowly 
varying  component  of  the  absorption  coefficient  which  Is  observed  experimentally  In  the  laboratory  under 
certain  conditions  when  absorption  by  some  atmospheric  gases  Is  studied.  This  same  kind  of  absorption 
has  also  been  observed  In  the  atmosphere,  particularly  In  ‘window"  regions  where  absorption  by  discrete 
lines  Is  small. 

It  Is  difficult  to  separate  this  "continuum"  absorption  from  absorption  in  the  distant  wings  of  strong 
discrete  absorption  lines.  Indeed,  for  our  purposes.  It  really  doesn't  matter  as  long  as  we  understand 
the  dependence  of  this  continuum  absorption  on  the  physical  parameters  describing  the  atmospheric  path. 

In  regions  of  more  substantial  line  absorption,  the  prohlen  reduces  to  that  of  deciding  how  far  Into 
the  wings  of  each  line  to  assume  Individual  line  contributions  and  how  much  of  the  experimentally  observed 
absorption  to  model  as  a "continuum",  even  when  we  are  quite  certain  that  most  of  this  contribution  results 
from  line  wings.  Two  significant  absorption  features,  treated  as  continuum  absorption  and  of  particular 
significance  In  atmospheric  window  regions  will  now  be  described. 

Hater  Vapor  Continuum 


The  absorption  coefficient  per  preclpltable  centimeter  of  water  vapor  Is  given  in  Equation  10  where 
C (v.T)  Is  a self -broadening  coefficient  due  to  collisions  of  water  molecules  with  other  water  molecules, 
Cn(v,T)  Is  a nitrogen  broadening  coefficient  due  to  collisions  of  water  molecules  with  air  (primarily 
nitrogen)  molecules,  P Is  the  partial  pressure  (in  atmospheres)  of  water  vapor  and  PN  is  the  partial 
pressure  of  the  remainder  of  the  atmosphere  (primarily  nitrogen).  It  Is  necessary  to  establish  the  C 
and  the  C,.  quantities  and  their  frequency  and  temperature  dependence  In  both  the  8-14  and  3-s  micro-  s 
meter  regions.  As  of  this  writing,  existing  laboratory  measurements  have  been  analyzed  thoroughly  and 
the  resulting  coefficients  and  temperature  dependences  are  described  here.  The  laboratory  evidence  for 
the  8-14  um  continuum  absorption  Is  given  In  Figure  11  (Taken  from  Burclr). 

1)  The  8-14  micrometer  continuum'’6,7 

Cs(v.T)  - Cs(  u . 296 ) exp  - 1800  (}  - (11) 

where  C$(v,296)  ■ 4.18  + 5578  exp  (-7.87  x 10”^  v)  (pr.  cm)*'  atm"1 


and  CN(u,T)  ■ 0.002  x Cf(u,296)  (pr.  cm)'1  atm"1 

g 

11)  The  3. 5-4. 2 micrometer  continuum 

Cs(v.T)  ■ Cs(v,296)  exp  - 1350  ^ ^ (pr.  on)'1  atm"'1  (12) 

Cn(v,T)  - 0.12  x Cs(v,l) 

where  the  ts(v,296)  values  are  given  In  Table  3. 

q 

Using  these  continuum  functions  and  a series  of  atmospheric  models'.  Figure  12  hns  been  constructed  to 
show  the  relative  effects  of  the  water  vapor  continuum  at  4 end  10  pin. 
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Nitrogen  Continuum 


In  Addition  to  the  more  or  less  continuous  absorption  due  to  water  vapor  described  above,  there  Is  another 
quasi -contl nuous  absorption  feature  due  to  molecular  absorption  by  the  nitrogen  molecule  centered  near 
4.3  11m  (2360  cnH).  In  the  spectral  region  from  2400  cm-'  to  about  2800  cnr>  this  absorption  feature  is 
of  particular  Importance  to  laser  transmission  as  It  tends  to  provide  a background  transmission  level  for 
paths  (n  tho  lower  atmosphere  regardless  of  the  presence  or  absence  of  absorption  lines  and  regardless  of 
how  dry  the  atmosphere  may  be.  It  Is  of  little  importance  at  frequencies  smaller  than  2400  cm*'  due  to 
the  overwhelming  absorption  by  atmospheric  carbon  dioxide.  Figure  13  represents  the  absorption  coeffi- 
cient as  a function  of  frequency  for  this  nitrogen  absorption  as  used  In  the  LOWTRAN  and  HITRAN  models. 

4.  OPTICAL  DATA  (ALR0S0LS) 


In  addition  to  the  continuum  absorption  by  atmospheric  molecules  described  above,  extinction  by  aerosols 
(absorption  and  scattering)  Is  treated  In  much  the  same  way  In  our  transmission  models.  That  Is,  it  can 
be  thought  of  as  a slowly  varying  continuum  function  which  Is  added  to  the  more  complex  rapidly  varying 
molecular  absorption  coefficients.  The  primary  difficulty  In  the  case  of  aerosol  extinction  Is  our  lack 
of  a complete  description  of  the  physical  models  for  any  given  atmospheric  pcth. 

The  fundamental  quantities  required  In  the  determination  of  extinction  coefficients  due  to  aerosols  are 
the  concentration  and  site  distribution  of  the  particles  and  the  complex  Index  of  refraction  of  the 
aerosol  material  . Assuming  spherical  particles,  Hie  theory  can  then  be  applied  and  extinction  coeffi- 
cients for  both  scattering  and  absorption  determined.  A great  deal  of  work  has  been  carried  out  to  deter- 
mine the  complex  Index  of  refraction  of  atmospheric  aerosols™* ' ' . Figure  14  presents  the  complex  refrac- 
tive Index  data  used  In  the  construction  of  the  Rural  and  Maritime  models. 


In  addition  to  the  complex  refractive  Index,  the  site  distribution  of  aerosols  plays  an  Important  role  In 
determining  the  extinction  as  a function  of  wavelength,  particles  having  a dimension  similar  to  the  wave- 
length havli-g  a greater  effect  on  scattering  coefficients  than  other.Pdrtlcle  sites.  Particle  size 
distribution  measurements  made  by  a large  number  of  Investigators'  Indicate  that  they  can  best  je 

represented  by  seme  form  of  blmodal  distribution.  Examples  of  the  size  distributions  used  In  construct- 
ing the  Rural  ard  Maritime  aerosol  models  are  provided  In  Figure  15. 


Aerosols  can  be  continental  In  origin  (dust  and  organic  matter)  or  maritime  In  origin  (see-salt  component). 
In  urban  Industrial  regions  the  aerosols  can  Include  soot-llke  particles.  At  stratospheric  altitudes  the 
background  aerosols  are  predominantly  about  75*  sulfuric  acid  solution,  although  significant  amounts  of 
volcanic  particles  may  also  be  present.  At  higher  altitudes  (above  30  km),  a significant  portion  of  the 
larger  aerosols  may  be  meteoric  dust.  They  can  be  dry  or  they  can  contain  substantial  quantities  of  liquid 
water,  especially  as  relative  humidities  Increase  above  70*.  A series  of  models  representing  a Rural, 
Uroan,  Maritime,  and  Tropospheric  environment  have  been  constructed  based  on  a variety  of  experimental 
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The  application  of  Mle  theory  to  the  complex  Index  of  refraction  data  and  particle  size  distributions 
produces  t.he  normalized  extinction  coefficient  (scattering  plus  absgrptlon)  curves  shown  In  Figure  16. 
These  aerosol  models  have  been  Included  In  the  current  (1  OUTRAN  3B )°  transmission  model.  Applying  these 
models  to  a 10-km  horizontal  path  at  sea  level  for  a visual  range  of  23  km  and  Including  all  molecular 
absorption  effects  generates  the  transmittance  spectra  given  In  Tlgure  17. 

Low  values  of  the  visibility  (less  than  2 *m)  are  usually  associated  with  the  transition  from  haze  to  fog 
and  the  concurrent  growth  of  particles  by  accretion  of  liquid  water.  This  occurs  more  rapidly  the  higher 
tne  relative  humidity.  These  effects  are  not  accounted  for  by  the  present  aerosol  models.  Therefore, 
we  are  currently  extending  our  aerosol  modelling  efforts  to  describe  this  particle  growth  with  Increasing 
relative  humidity.  Figure  18  shows  the  results  of  applying  our  knowledge  of  this  particle  growth  process 
to  the  Rural  aerosol  model.  It  Is  apparent  that  the  wavelength  dependence  becomes  much  less  as  the  rela- 
tive humidity  Is  Increased.  Such  humidity  effects  are  being  Included  In  our  L0WTRAN  transmission  model. 


5.  LOW  SPECTRAL  RESOLUTION  PROPAGATION  (LOWTRAN) 


Although  we  have  already  discussed  certain  elements  of  the  L0WTRAN  code,  It  Is  easiest  to  discuss  It  In 
the  framework  of  HITRAN,  continuum  absorption  models,  and  aerosol  models.  The  highest  spectral  resolution 
obtainable  with  the  LOWTRAN  model  Is  20  cnr'.  Therefore,  It  smears  out  (or  averages)  the  results  of 
Individual  absorption  lines.  This  averaging  process  Is  at  the  root  of  the  construction  of  the  LOWTRAN 
model.  Aside  from  this  averaging  associated  with  molecular  line  absorption,  LOWTRAN  simply  adds  In  the 
extinction  due  to  the  more  slowly  varying  functions  associated  with  molecular  scattering,  aerosol  scatter- 
1 lg  and  aerosol  absorption.  Particular  efforts  have  been  made  to  create  an  efficient  and  flexible  trans- 
mission model  and  this  element  of  LOWTRAN  Is  one  of  Its  primary  assets.  In  the  molecular  absorption  area 
this  has  required  some  approximation  and  concurrent  compromise  In  accuracy.  But  this  slight  compromise 
In  accuracy  simply  allows  the  solution  of  problems  which  would  be  Impossible  with  more  detailed  calcula- 
tions of  molecular  absorption.  An  example  of  the  kind  of  results  obtained  with  the  LOWTRAN  computer  code 
Is  shown  In  Flguri  9 In  which  the  LOWTRAN  3B  results  have  been  compared  with  field  measurements.  There 
has  been  great  Interest  in  the  effect  of  the  water  vapor  continuum  modifications  described  above,  so 
Figure  20  has  been  developed  to  show  the  effects  of  this  recent  modification.  We  have  recently  developed 
a version  of  the  LOWTRAN  model  capable  of  computing  atmospheric  radiance'^  for  any  of  the  same  geometries 
associated  with  the  transmission  model.  A comparison  of  the  LOWTRAN  35-Radiance  model  with  atmospheric 
•■eolance  measurements  made  at  an  altitude  of  18  km  Is  shown  In  Figure  21. 
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LASER  TRANSMISSION 
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The  addition  of  continuum  extinction  functions  associated  with  both  molecular  scattering  and  absorption 
and  aerosol  scattering  and  absorption  have  been  made  to  several  of  the  HITRAN  transmission  models:  An 
example  of  a high  resolution  computed  spectrum  compared  with  field  measurements  Is  shown  In  Figure  22 
(taken  from  Reference  15).  A special  version  of  such  a HITRAN  model  (to  be  called  LASER)  Is  In  publlca 
tlon'6  and  will  generate  extinction  coefficient  charts  such  as  that  shown  In  Table  4.  The  four  extinc- 
tion coefficients  Indicated  In  Equation  1 can  be  obtained  from  such  charts  for  a wide  variety  of  atmos- 
pheric models.  Extinction  coefficients  for  my  atmospheric  path  can  then  be  obtained  by  sunning  appro- 
priate entries. 
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TABLE  1 


Atmospheric  Constituents 


MOLECULE  FRACTION  BY  VOLUME 


NITROGEN  <N?> 

0. 78 

OXYGEN  <02> 

0.21 

ARGON  (A) 

0. 0093 

CARBON  DIOXIDE  (CO^ 

0. 00033 

METHANE  (CH^ 

1.6  x I0'6 

NITROUS  OXIDE  <N20) 

3. 5 x I0"? 

CARBON  MONOXIDE (CO) 

7. 5 x I0'8 

OZONE  (03) 

VARIABLE  (lO'8) 

H . N . K 

< io'4 

e e r 

WATER  VAPOR 

VARIABLE  (<  .03) 

AEROSOLS 

DUST 

SALT 

VARIABLE 

LIQUID  WATER  J 

TmBLE  2 - AEGL  Li-':  Compilation 


UQUlCIILE 

h2o 

C02 

°3 

n2o 

CO 

CHq 

°2 

FREQUENCY 
INTENSITY 
HALF- WIDTH 


38,350 

57,288 

19,327 

15,500 

383 

2,519 

1,726 


PARAMETERS  INCLUDED 

ENERGY  OF  LOWER  STATE 
QUANTUM  NUMBERS 
ISOTOPIC  I . D . 


TABLE  3 


Self-Broadening  Absorption  Coefficients 
(3.3  - 4. if  urn) 


ifCcn-1! 

Cs(^296)(pr-cm"1)Ca™-'1) 

V 

2350 

0.230 

2700 

2400 

0.187 

2750 

2450 

0.147 

2800 

l500 

0.117 

2850 

2550 

0.C97 

2900 

2000 

0.0S7 

2950 

2650 

0.100 

3000 

Water  Vapor  Continuum 


TABLE  4 - Extinction  Coefficient.  for  Laser  Transmission  at  1Q.6  urn 
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• INFRARED  AtMaSP^E^IC  TRANSMISSION. 
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FIGURE  1 - High  Resolution  Measurements  ot  Solar  Spectra 
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FIGURE  2 - Computed  Atmospheric  Spectrum  for  10-km  Sea  Level  Path 
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FIGURt  3 - Wavelength  Dependence  of  Molecular  Scattering,  Aerosol  Absorption, 
and  Aerosol  Scattering 
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FIGURE  4 


Standard  Vertical  Distributions  of  Water  Vapor  and  Ozone 
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FIGURE  5 - Vertical  Structure  of  Aerosol  Models 
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SCATTERING  FOR  HRVENVIEH  FLIGHTS 
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MEMMINGEN  TRRCK 


Tola!  Volume  Scattering  Coefficient  for  Filter  5 (Pseudo-Phutopic) 
for  the  Six  HAVEN  VIEW  Flights 

FIGURE  6 - Comparison  of  Aerosol  Models  with  Measured  Distributions  In  the 
Boundary  Layer 


FIGURE  7 


Line  Intensity  Criterion 
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FIGURE  8 


Lorentz  Line  Shape 
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FIGURE  9 - Comparison  of  Calculated  Transmission  Spectrum  wltn  Laboratory 
Measurement 
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- Absorption  Coefficients  Due  to  Water  Vapor  Continuum  at  4 urn  and 
10.6  um 


FIGURE  1J  - Abso-ptlon  Coefficient  Due  to  Pressure  - Induced  Nitrogen  Band 
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- Particle  Size  Distributions  for  the  Rural  and  Maritime  Aerosul  models 
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FIGURE  16  - Extinction  Coefficients  for  A'rosol  Models 
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Transmission  Variation  for  Various  Aerosol  Models 
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FIGURE  18  - Humidity  Effect  on  Rural  Aerosol  Model 
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MURCRAY  ET  AL.  HOLLOMAN  AFB,  NEW  MEXICO, 

19  FEBRUARY  1975 
LOWTRAN 


WAVELENGTH  tytm) 

SAMPLE  SPECTRUM  OF  SHORT  WAVELENGTH  REGION  OBSERVED 
AT  AN  ALTITUDE  OF  18.0  kin  AND  A ZENITH  ANGLE  OF  63*  ON 
19  FEBRUARY  1975. 


FIGURE  21  - Comparison  of  LOWTRAN  3B  Radiance  with  Field  Measurement 
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FIGURE  22  - Comparison  of  Computed  High  Resolution  Spectra  with  Measurement  (after 
Kaught  and  Dowling)^ 


DISCUSSION 


B.S.Katz,  US 

What  is  the  status  of  improvements  in  HITRAN  lines  in  order  to  develop  hot  aircraft  and  missile  plume  band 
models? 

Author's  Reply 

There  is  a need  for  more  high-resolution  data  if  high-resolution  calculations  are  to  be  done.  For  band  model  calcula- 
tions with  inherently  less  resolution  constants  are  available  to  extend  rhe  time  compilation  to  higher  vibrational  and 
rotational  states. 


H.Fluess,  FRG 

What  is  the  spectral  resolution  of  HITRAN  in  comparison  to  Li  "VI  RAN? 

Author’s  Reply 

The  HITRAN  spectral  resolution  is  infinite,  limited  only  by  the  real  width  of  spectral  lines  in  the  atmosphere.  The 
LOWTRAN  spectral  resolution  is  20  cm-1 . 


C.Fengler,  Canada 

( 1 ) Is  there  a need  to  consider  the  shape  of  aerosols? 

(2)  Have  you  to  consider  interactions  depending  on  charges  dwelling  in  aerosols? 

Author's  Reply 

(1)  Yes,  but  such  effects  are  probably  small  compared  to  uncertainties  in  aerosol  size  distribution  and  complex 
indices  of  refraction  for  a given  atmospheric  path. 

(2)  I don’t  know  the  magnitude  of  such  effects. 


I.D.Lyon,  UK 

How  do  wc  obtain  copies  of  up-to-date  HITRAN  and  LOWTRAN  programs? 


Author's  Reply 

Reports  can  be  obtained  by  writing  to  me  directly.  The  HITRAN  data  tape,  LOWTRAN  and  LASER  card  decks 
can  be  obtained  by  writing  to: 

National  Climatic  Center 
NOAA 

Federal  Building 

Asheville,  North  Carolina,  USA 

The  HITRAN  data  tape  costs  $60.00.  The  card  decks  cost  $ 20.00  each. 


M. Tat  is,  US 

(1)  What  do  you  do  about  long  ails  on  absorption  lines  not  accounted  for  by  Loientzenian  or  Gaussian  Type  Lines? 

(2)  LOWTRAN:  Is  curvature  due  to  index  of  refraction  accounted  for? 

(3)  Is  the  Diermendjian  type  model  used  for  modeling  aerosol  distribution  for  each  of  the  bimodal  components? 

Author's  Reply 

(1)  Empirical  Line  Shape  adjustments  are  made.  Future  HITRAN  codes  will  assume  standard  line  shape  to  64  half- 
widths and  then  add  empirical  “continuum". 

(2)  Yes. 

(3)  Early  LOWTRAN  models  used  a Diermendjian  aerosol  size  distribution.  Current  and  future  models  are  similar, 
but  different  in  order  to  be  consistent  with  recent  aerosol  size  distribution  measurements. 
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MODELLING  THE  TRANSFER  OF  RADIATION  IN  THE  ATMOSPHERE 

H,  J.  Jung,  U.  Kerschgnns,  E.  fiaschke 
Universitat  Koln,  Fed.  Rep.  of  Germany 


Summary 

In  this  paper  the  concept  of  radiative  transfer  ia  discussed  by  1 sference  to  computations 
of  the  radiative  energy  in  the  soiar,  infrared  and  microwave  spectral  range.  The  radiation 
fields  and  spatial  divergencies  are  dependent  on  tne  absorption,  scattering  and  thermal 
emission  by  air  molecules,  aerosols,  cloud  and  rain  droplets.  Additional  parameters  which 
influence  the  radiation  fields  in  the  atmosphere  are  the  reflection  and  emission  proper- 
ties of  the  ground. 


1 l2SE22H22i22 

A detailed  knowledge  on  the  radiation  transfer  properties  and  on  the  boundary  conditions 
at  the  upper  and  lower  bound  of  the  atmosphere  is  required  to  model  the  transfer  of  ra- 
diation in  the  atmosphere.  In  the  solar  (0-2  - 3.6  pm),  infrared  (3*6  - 200  pm)  and  the 
microwave  (0.8  cm)  spectral  ranges  the  radiative  transfer  is  determined  by  the  same  basic 
laws,  but  the  extinction  characteristics  of  the  gases  and  the  atmospheric  particles  as 
well  as  the  emission  and  reflection  properties  of  the  earth  surface  are  different  with 
respect  to  the  wavelength  region.  In  principle  the  complex  Index  of  refraction  is  an  easy 
mean  tc  describe  this  wavelength  dependence. 

The  radiative  transfer  theory  is  applied  for  many  purposes,  in  particular  studios  of 
communication  links  and  of  the  energy  balance  of  the  earth  and  the  atmosphere.  For  these 
purposes  many  computation  schemes  have  been  developed  which  are  described  comprehensively 
in  the  standard  literature  (cf.  Kondratyev  1969,  Paltridge  1976). 

Studies  of  the  radiative  transfer  are  also  performed  for  remote  sensing  of  atmosphere, 
and  oceanic  and  ground  parameters.  The  number  and  the  selection  of  these  parameters  depends 
on  the  radiation  properties  of  the  target  and  of  the  intermediate  medium. 

This  paper  intends  to  givs  a brief  review  about  the  basic  laws  of  the  radiation  transfer- 
theory.  In  particular  it  discusses  some  results  of  computations  in  the  three  wavelength 
regions  demonstrating  the  influence  of  clouds  in  the  solar  and  infrared  and  the  deter- 
mination of  rainfall  rates  in  the  microwave  spectrum. 


2 Radiation  transfer  equation 

For  an  arbitrary  geometry  of  a transfer  medium  the  radiative  transfer  equation  takes  the 
form  (Lenoble  1975): 

& ■ - °ext<r)  * ((LV  WIT)  - J (1) 

where : 

L (?»  JT) : Spectral  radiance  at  a point  defined  by  vectov  ? and  for  radiation  propagating 
in  direction  if  (watts  m 1 sterad-'1) 
v:  wave  number  (carl  ) 

aextcn  : Volume  extinction  coefficient  (km-^) 

J C?, iT)  : Source  function  (due  to  internal  or  external  sources  of  radiation) 


This  equation  describes  only  the  transfer  of  unpolarized  radiation  in  the  atmosphere. 

By  Introducing  the  four  Stokes  Parameter  (I.,  Q,  U,  V)  one  is  able  to  represent  completely 
the  Btate  and  the  degree  of  polarization  of  arbitrarily  polarized  monochromatic  radiation  > 

(Delrmendjian  1969,  Chandrasekhar  1950).  The  Stokes  Parameters  may  be  defined  in  the  folio-  | 

wing  manner  (o.g.  Van  de  Hulst  1957):  1 


* ‘ L!  ~ Lr 
'J  - Q • tan  2X 
V - L • sin  2 p 


(2) 


J 

i 


L,  and  L„  represent  the  radiance  of  two  orthogonal  states  of  radiation  in  the  transverse 
plane  of“a  wave,  U and  V give  respectively  tha  direction  of  polarization  and  the  ellipticity. 
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In  the  case  of  polarized  radiation,  L (?,  if)  is  to  be  considered  as  a vector,  while  the 
source  function  J (?",  Jf)  must  be  replaced  by  a matrix.  Calculations  show,  that  the  state 
of  polarization  must  be  taken  into  consideration,  if  meteorological  parameters  are  inver- 
ted from  radiometric  data  especially  in  the  microwave  region. 

There  is  a great  variety  of  computation  schemes  for  the  solution  of  the  radiative  transfer 
equation  in  a plane  parallel  or  sphericalshell  atmosphere  with  absorbing  and  scattering 
constituents . 

One  can  choose  between  accurate  but  often  much  computer  time  consuming  solution  methods 
(cf.  Monte  Carlo,  spherical  harmonics  or  successive  orders  of  scattering  method)  or 
approximate  but  fast  methods  (cf.  modified  two  stream  approximation,  Delta  Eddington) 
which  compute  without  significant  I033  on  accuracy  the  radiation  field  in  the  atmosphere 
(Lenoble  1975,  Ozieik  1973). 

For  the  computations  in  the  solar  spectral  range  discussed  here  a modified  two  stream 
approximation  (Kerschgens  et  al . 1978)  is  appliad,  while  the  radiances  in  the  infrared 
and  the  microwave  spectral  range  are  determined  by  the  method  of  successive  orders  of 
scattering  (Raschke  1972).  The  atmospheric  model  under  consideration  is  horizontally  homo- 
geneous and  plane-parallel,  but  inhomogeneous  into  the  vertical  direction. 


3 Dependence  of  radiative  transfer  on  atmosgheri c_constituents 


3.1  Absorption 


The  atmospheric  gases  CU,  0,,  H-0,  CO-  and  also  the  aerosols  and  cloud-  and  rain  droplets 
act  as  absorbers.  The  IPtenisity^of  the  absorption  processes  depends  on  the  concentration 
and  on  the  spectral  distribution  of  the  absorption  lines  of  the  gases  and  the  particles. 


Besides  the  rain  droplets  all  mentioned  absorbers  influence  the  radiation  transfer  in  the 
short  wave  spectral  range  (Moskalenkov  1968,  Shettle  and  Fenn  1975) • Taking  into  account 
the  highly  variable  amount  of  absorber  concentrations  (H-0)  the  prediction  of  the  absorp- 
tion intensity  is  very  difficult.  Regions  of  high  transparency,  the  atmospheric  windows, 
can  be  used  for  remote  sensing  of  the  earth  surface. 

One  assumption  for  determining  the  absorption  quantities  in  the  infrared  is  the  validity 
of  the  concept  of  the  local  thermodynamic  equilibrium  (LTE).  The  main  gaseous  absorbers 
in  this  wavelength  region  are  H-,0,  CO-  and  0,  which  have  strong  absorption  bands  at  6.5 
pm,  \>  17  um  (H-0),  15  um  (CO-)  and  9.6  um  (0,). 

Absorption  data  of  high  spectral  resolution  are  tabulated  by  McClatchey  (1975). 

The  absorption  by  cloud  droplets  becomes  important  especially  in  the  atmospheric  window 

t CJ  1 ~~i  « . — X n -i  »»  an  ft  ft  6*  V^^  itVi  aKoftWnf  A ir4  f-  Vi  **  rtrif  i aol  fM  ftlrwAao  f Vi»  r*  1 nil  /A 

\ W — X (—  | WUVX  VUW  Xll  X VtiSf  W*  »*XQ—  ux  • w.  ““*•  wxtii«» 

is  so  high,  so  that  the  cloud  can  be  considered  as  a black  body. 

The  transparency  in  the  microwave  region  is  determined  by  the  absorption  properties  of 
H-0,  0-,  cloud-  and  rain  droplets  (Staelin  1966). 


3.2  2.c.2££2Ei5S 

The  scattering  properties  of  atmospheric  particleB  can  be  expressed  in  terms  of  the  di- 
mensionless Mie  size  parameter  x » 2nr/X  (\:  wavelength,  r:  droplet  radius)  and  the  com- 
plex index  of  refraction. 

For  the  case  x < 1 (particle  radius  is  small  compared  to  the  wavelength)  the  well  known 
Rayleigh  approximation  is  valid  (cf.  scattering  on  air  molecules  in  the  solar  spectral 
range),  while  for  x > 1 a more  elaborate  theory  developed  at  first  by  Mie  (1908)  should 
be  applied  for  the  estimation  of  the  highly  anisotropic  scattered  radiation  of  cloud-, 
aerosols—  snd  rain  droplets  ( Deirmondi i an  3969} • 

Generally  the  radiation  transfer  is  strongly  dependent  on  the  scattering  behaviour  of  the 
atmosphere  especially  in  spectral  regions  of  high  transparency.  In  the  infrared,  however, 
the  scattering  effect  can  be  neglected,  if  the  absorptivity  is  high. 

Fig.  1 shows  three  phase  functions  describing  the  intensity  distribution  of  the  scattered 
radiation  as  a function  of  the  scattering  angle  for  three  wavelengths. 

The  computations  have  been  done  for  the  wavelength  (\-  0.5  um  and  \ » 10.6  pm  for  a Ns 
droplet  size  distribution  (size  range:  0.1  < r < 20  pm),  while  in  the  microwave  region 
a Marshall  Palmer  (1998)  raindrop  size  distribution  (size  range:  0.1  < r < 3-5  am)  has 
been  used. 

As  a result  of  computations  for  a single  scattering  event  (programs:  obtained  from  Quenzel 
1976)  the  portion  of  the  radiation  scattered  in  forward  direction  is  reduced,  if  the  wave- 
length increases.  At  X ° 0.8  cm  the  ratio  of  the  forward  and  backward  scattered  radiation 
reaches  unity.  Extensive  studies  of  single  scattering  processes  have  been  reported  oy 
many  authors,  e.g.  Giese  (1971)- 


3.3 

Boundary  conditions  of  radiation  models  are  the  direct  solar  beam  incident  at  the  top  of 
the  atmosphere  and  the  emission  and  reflection  properties  of  the  ground.  The  latter  are 
depending  on  the  refractive  index  and  the  surface  roughness.  In  particular  the  effect  of 
roughness  of  ocean  surfaces  is  described  in  our  calculations  by  the  model  of  Cox  and  Uuok 
(195h), 

In  the  solar  the  radiation  reflected  at  the  earth  surface  is  highly  anisotropic  because  the 
surface  acts  as  a diffuse  reflector.  This  anisotropy  con  be  in  particular  detected  over 
water  surfaces  behaving  like  a mirror.  Additionally  over  oceans  the  absorption  and  scat- 
tering properties  of  seawater  must  be  known,  since  there  1b  a radiation  exchange  between 
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ocean  and  atmosphere  in  the  solar  spectral  range.  Comparing  the  values  of  the  albedo  (* 
ratio  of  the  outgoing  to  the  incoming  rudiutlon)  at  the  top  of  the  atmosphere  and  at  the 
ecean  surface  one  can  estimate  the  effects  of  various  chlorophyll  concentrations  (Fig.  ,?). 

A'itb  sufficient  accuracy  the  euisaivity  in  the  infrared  is  assumed  to  be  unity.  Deviations 
from  thin  value  cause  a variation  of  the  profiles  of  temperature  changes  especially  in  the 
planetary  boundary  layer. 

The  reflected  radiation  from  ocean  surface  in  the  microvio  e range  is  highly  polurized. 

The  vertical  and  horizontal  polarized  components  of  the  radiation  show  a different  be- 
haviour, if  the  wind  speed  and  therefore  the  surface  roughness  increases  (3togryn  1972). 

To  estimate  the  effects  of  varying  wind  speed  reflection  values  for  both  polarizations 
are  derived  from  the  Fresnel  formula  with  application  of  the  Cox  - Munk  (1994)  model  for 
the  sea  roughness  (Ra3Chke  197?).  (Fig.  3) 

A change  of  the  emisaiv.'.ty  is  also  caused  by  sea  foam  and  whita  capo  (Hollinger  1970). 

The  composition  of  sea  foam,  its  thickness  and  its  density,  is  subject  of  measurements 
and  theoretical  model  calculations  (Roasnkrantz  1972). 


4 f2££_radiat ive_transf er  calculations 

Under  consideration  of  all  mentioned  absorbers  end  scatters  a calculation  over  the  solar 
and  infrared  spectral  range  is  performed  using  a frequency  model  with  a high  spectral  re- 
solution. Fig.  4 demonstrates  the  effects  of  all  this  constituents  in  the  presence  of  a 
Ns  (Nimbostratus)  cloud  between  1 and  2 km  altitude.  At  the  top  of  'he  cloud  tiiere  _s  a 
strong  cooling,  while  in  the  region  beneath  the  cloud  both  spectral  ranges  contribute  to 
an  increase  in  the  heating  rate. 

The  Influence  of  clouds  on  the  radiation  energy  budget  depends  on  the  height,  on  the  op- 
tical thickness  and  on  the  drops! ze  distribution  of  the  clouds.  Variations  of  these  pa- 
rametero  determining  the  radiative  properties  of  clouds  are  considered  in  radiative  trans- 
fer calculations  by  many  authors,  e.g.  Kerschgens  at  al.  (1978). 

In  the  microwave  region  there  exists  a relationship  between  the  brightness  temperature  at 
the  top  of  the  atmosphere  and  the  thickness  of  the  cloud  expressed  in  terms  of  rainfall 
rates.  Fig.  9 shows  the  behaviour  of  the  radiation  temperature  for  three  different  cloud 
models.  The  Li/C  (liquid  water  content)  is  the  dominating  effect,  while  other  absorbers 
like  HpO  or  contribute  only  ut  a low  rate  to  the  radiation  temperature  of  this  wave- 
length! 4 

Remote  sensing  in  the  microwave  range  seems  to  be  a good  tool  for  estimating  rainfall  in- 
tensities especially  over  ocean  surfaces.  Derivations  of  rainfall  rates  from  brightness 
temperatures  are  obtainable  by  considering  the  boundary  conditions  at  the  ocean  surface 
(roughness)  and  the  effects  of  varying  raindrop  site  distributions  in  or  below  the  cloud 
(.Ravage  1976). 
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SUMMARY  : 

For  system  design  arid  operational  research  purposes  a computer  program  "KATTA"  was  writ-  * 

ten  for  the  description  of  absorption  and  scattering  of  electromagnetic  waves  by  hydro- 
meteors (water  droplets  In  rain,  fog  and  clouds) . The  calculation  is  based  upon  the  Mle- 
theory  and  single  scattering.  It  is  valid  for  Mie-parameters  up  to  10,300  and  Includes 
the  angular  dependency  of  the  scattering  function.  Much  effort  has  been  done  to  achieve 
fast  convergence  of  numerical  values.  The  program  is  compatible  with  existing  LOWTRAN- 
codes. 

For  application  of  the  integrated  KATTA  + LOWTRAN-code  to  European  scenario  detailed 
European  atmospheric  input  data  were  used.  They  contain  statistical  meteorological  data 
and  German  significant  weather  map  types  including  precipitation,  fog  and  clouds.  The 
results  presented  here  show  the  variation  of  calculated  atmospheric  transmission  for  the 
different  weather  situation  with  and  without  precipitation. 

1 . INTRODUCTION  \ 

The  influence  of  the  atmosphere  on  the  performance  of  sensors  in  the  various  spectral  re- 
gions depends  on 

- the  sensor  itself, 

- the  spectral  sensitivity  of  the  sensor, 

- the  actual  atmospheric  data,  and 

- the  probability  of  its  occurrence. 

For  system  design  and  operational  research  (uic)  purposes  it  is  necessary  to  know  not  only 
the  technical  data  of  a sensor  but  much  more  its  operability  in  a given  tactical  scenario. 

This  scenario  must  be  described  with  sufficient  details  and  equal  depth,  i.e.  for  each 
spectral  region.  That  means  also  that  it  has  to -set  a reference  acknowledged  by  industry 
and  government  agencies. 

For  the  description  of  the  influence  of  atmosphere  such  a reference  can  be  derived 
either 

- from  time  consuming  measurement  series  or  by 

- a theoretical  approach. 

Encouraged  by  the  work  of  Selby  and  McClatchey  /I/  describing  the  transmission  through  I 

the  atmosphere  without  hydrometeors  in  the  spectral  region  from  0,25  /um  to  28  /urn  two 
computer  were  written  * 

1.  The  program  RATRAN  / 2 / Cor  the  description  of  atmospheric  attenuation,  scattering  and 
refraction  in  the  microwave  region  from  0,5  to  300  GHz . 

2.  A supplement  to  LOWTRAN  3B  called  KATTA  describing  the  influence  of  hydrometeors  in 

the  wavelength  range  from  0,25  to  15  ^,um.  1 

As  these  programs  should  be  used  primarily  for  European  weather  conditions  appropriate 
atmospheric  input  data  had  to  be  used  instead  of  the  data,  i.e.  in  LOWTRAN  3B.  The  German 
Military  c-sophysical  Office  (AW  Geophys)  took  over  this  time-consuming  taak  and  provided 
very  detailed  atmospheric  data  to  these  programs  / 3 / . | 

In  this  paper  therefore  the  Influence  of  hydrometeors  in  the  0,25  to  15  ,um  region  and  < 

of  the  German  general  weather  situations  will  he  presented. 

2.  EXTINCTION  OF  ELECTROMAGNETIC  WAVES  BY  HYDROMETEORS 

Water  droplets  in  mn,  clouds  and  fog  are  considered.  They  ari  regarded  as  a dielectric 
sphere  with  a complex  index  of  refraction.  Extinction  oi  e.m.w.  is  caused  by  absorption 
and  scattering.  The  extinction  coefficient  is  calculated  bys 

1.  Calculation  of  extinction  crose-secti- ’no  c according  to  4ie-theory  as  a function  of 

Mie-parcmeter  ) for  values  of  e up  to  10,000  including  angular  distributions, 

and  *■ 

2.  Multiplying  0 ext  with  the  number  of  hydrometeors /volume  unit  and  diameter,  and  I 

3.  Integrating  over  the  whole  (ilotritc.tlon  N(a)  of  hydrometeors.  1 


i 


2.1 


Calculation  of  Mle-Extinctlor«  Cross-Section 


2.1.1  The  extinction  cress-section  d is  calculated  according  to  Mie  / 4 / . Fig.  1 shows 
the  relation  of  the  effective  cross-section  to  the  geometrical  one  as  a function  of  a . It 
can  be  seen  that  for  values  of  e up  to  20  high  oscillations  occur  for  the  scattering  and 
extinction  coefficient.  For  greater  Mie-parameterB  absorption  and  scattering  coefficients 
approach  to  unity,  which  means  that  the  extinction  cross-section  is  twice  the  geometrical 
one . 

The  numerical  solution  depends  on  the  value  of  a and  is  carried  out  as  follows: 

A straightforward  calculation  was  done  for  0<^a*C20  (Mle-scattering) . Recursive  calcula- 
tion of  the  non-selectlve  scattering  was  performed  for  20<a*2000  because  Of  numerical 
instabilities  according  to  Kattawar  and  PlaBs  /5/.  For  a 31 2000  the  laws  of  geometric  op- 
tics and  Huygen's  principle  according  to  Van  de  Hulst  /6/  wele  applied. 

Tne  calculations  were  performed  with  double  word  length  on  an  IBM  370  machine  and  a 
single  word  length  on  a Cyber  175  machine. 

2.1.2  Angular  Dependency  of  Scattering  Function 

According  to  theory  scattering  is  not  uniform,  but  has  an  increasing  forward  component 
with  decieaslng  wavelength.  This  angular  dependency  of  the  scattering  function  was  taken 
into  account  in  the  program.  Fig.  2 shows  the  scattering  functions  for  3,5  ,um  and  ’0,6 
jam  and  scattering  angles  between  0 and  20  degrees.  The  change  of  the  scattering  func- 
tion by  more  than  5 orders  or  magnitude  and  the  frequency  dependency  can  easily  be  seen. 

2.2  Influence  of  Droplet  Distributions 
The  extinction  coefflcientp  Is  proportional  to 

- the  extinction  cross-section  a and 

- the  r1  saber  of  hydrometeors  N(a)  per  volume  unit  and  diameter  a 
according  tc  equation  2.1: 

Dmar.  _ 

p » n J*  (m,a,X)  N(a)  a da  (2.1) 


with 

m ■ complex  Index  of  refraction  for  water  droplets 
a = Mlo-paramotcr 
X * Wavelength 

The  influence  of  the  variation  of  the  water  droplets'  index  of  refraction  by  temperature 
changes  la  negligible  according  to  Irvine  and  Pollack  /!/. 

The  influence  of  particle  density  distribution  N(a)  is,  however,  essential  and  shown  in 
the  following. 

2.2.1  Droplet  Dlstrlh  tlons  for  Fain 

For  rain  the  two  main  different  distributions  are  according  to 

- Marshall-Palmer  <MP)  /8/  and 
••  Laws-Parson  (LP)  /y/. 

They  are  shown  in  Fig.  3 for  rain  rates  of  2,5  mm/h  and  12,5  mm/h  respectively.  The  MP- 
dlstrlbutlon  is  characterized  by  an  essentially  higher  density  of  particles  with  a dia- 
meter between  0 and  1 mm.  This  difference  results  in  different  extinction  coefficients 
as  shown  in  Fig.  4 for  a wavelength  of  10,6  ^um.  The  four  curves  were  calculated  with  a 

- i'.P-dlscrlbution  of  rain  droplets  and  starting  Integration  with  a minimum  diameter  D 

of  0,5  mm  (curve  1)  and  1 nan  (curve  2)  respectively  and  in  addition  with  a ° 

- Ll’-dlstrlbut.ion  and  **  0,5  mm  (curve  3)  and  Dq  ■ 1 in  (curve  4)  respectively. 

Besides  curve  1 the  other  3 curves  are  lying  close  to  each  othor  especially  for  higher 
rain  rates.  That  means  that  the  main  contribution  to  the  extinction  coefficient  in  this 
spectral  region  is  based  upon  particles  smaller  than  about  1 mm  diameter.  The  choice  of 
the  distribution  to  be  used  was  based  upon  the  agreement  of  available  experimental  data 
/10, 11/  with  these  theoretical  data,  which  are  shown  together  in  Fig.  5.  From  this  fi- 
gure it  can  be  Been  that  the  LP-distributlon  fits  better  to  the  experimental  data, 
especially  at  rain  rates  less  than  5 mm/h  which  are  the  most  likely  ones. 

lor  the  calculation  D was  C,5  mm  and  D was  7 mm. 

o max 
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2.2.2  Distributions  of  Droplets  in  Clouds 

The  drop  distributions  for  eight  different  types  of  clouds,  namely 

- cumulus  conyostus  / 12/ 

- cumulus  humi lis  /I  3/ 

- cumulus  fractus  /1 4/ 

- st.ratc  cunulus , cumulus  fractus  /1 5 / 


- altocumulus  /I  4/ 

- altostratus  / 14/ 

- stratus  / 1 4 / 

- cirrus  / 1 5 / 


are  taken  from  the  literature  cited  and  are  used  for  the  calculations  of  extinct! on  by 
c louds . 

Fiy.  6 shows  an  example  of  the  extinction  coefficient  calculated  as  u function  of  wave- 
length for 

- a strato  cumulus  and 

- a cumulus  humi J is. 

Both  curves  are  related  to  their  extinction  coefficient  at  0,55  nun.  A significant  nar- 
row window  at  about  10,5  /urn  appears  for  both  clouds  In  the  calculations.  Experimental 
data,  i.e.  by  Moerl  /16/,  have  confirmed  these  theoretical  results. 


3.  METEOROLOGICAL  INPUT  DATA 

For  the  computer  model  two  different  meteorological  input  data  sets  were  used,  namely 

- statistical  data  evaluated  from  the  year  1973  and 

- general  weather  situation.  . 

Both  are  briefly  described  in  toe  following. 

3.1  L'tatlsticai  Meteorological  Data 

For  short  analysis  of  s>3tem  performance  one  of  12  statistical  meteorological  data  can 
be  called  up  which  are  diifurcr.t!  ated  by 

- location  (north  or  south  Germany) 

- season  (winter  or  summer) 

- probability  of  occurrence 

They  contain  the  pressure,  temperature  and  humidity  profile  as  A function  of  height  above 
KSi,,  but  no  precipitation,  fog  or  clouds,  and  no  detailed  description  of  the  boundary 
layer. 

lor  the  southern  part  of  Germany  and  the  summer  season  Fig.  7 shews  the  3 pressure  pro- 
files, D.g.  8 shows  the  temperature  profiles,  and  Fig.  9 shows  the  3 humidity  profiles 
together  with  the  corresponding  values  of  the  US-Midlatitude-Summor-atmosphere. 

mhe  lower  curve  Is  Identified  as  the  "lower  extreme  value"  with  a 10  * probability  of  oc- 
currence, the  curve  in  the  middre  is  referred  to  as  that  of  "mean  values’  and  the  upper 
curve  is  called  "upper  extreme  value"  (10  % probability  of  occurrence). 

Especially  the  variation  or  humidity  influences  the  achievable  atmospheric  transmission 
au  shown  in  Fig.  10. 

3.2  German  Significant  Weather  Map  Types 

The  lack  of  information  about  type  and  density  of  precipitation,  probability  of  occur- 
rence and  density  of  fog,  distribution  and  type  of  clouds,  the  limited  number  of  atmos- 
pheric models  and  the  requirements  for  detailed  meteorological  data  of  the  boundary 
layer  for  heights  up  to  2 km  resulted  in  the  generation  of  meteorological  data  which 
are  based  upon  4 significant  weather  types.  These  4 weather  map  types  and  their  pro- 
bability of  occurrence  in  summer  and  winter  are  shown  below: 


Probability  of  occurrer.ce  in: 


Type 

Winter 

Summer 

West 

55,9  % 

50,4  % 

North 

20,2  t 

18,6  % 

f ast 

9,4  % 

13,2  % 

High 

14  2 « 

18,08  4 

3I-* 


The  vertical  profij.es  are  recorded  at 

- 100  in  intervals  from  0 to  2 kir  in  order  to  respect  possible  atmospheric  irregularities, 
and  at 

- 1 km  intervals  between  ? and  12  k-ti, 

A concentrated  extract  of  one  of  these  set.u  is  shown  in  'fable  1 of  FKlis  /2/. 


4.  CALCULATED  RESULTS 

With  both  meteorological  data  sets  -ome  calculatl cos  have  been  made.  The  results  achieved 
are  shewn  and  discussed  in  the  toliowing. 

4.1  Calculsted  Results  with  Statistical  Meteo  ologival  Data 

The  variation  of  atmospheric  parameters,  especially  humidity,  results  in  a chnnc’e  of  at- 
mospheric transmission  characteristics.  For  the  summer  values  in  the  southern  pert  of 
Germany  (area  a.-ound  Munich)  Fig.  10  shews  the  transmission  per  km  for  the  upprr  and  low- 
er extreme  values.  Especially  at  longer  wavelengths  a significant  reduction  of  transmis- 
sion results  with  the  upper  extreme  values  of  the  statistical  atmospheric  data.  This  var- 
iation is  aboui  the  same  for  the  winter  data. 

Curve  3 in  Fig.  10  shows  the  calculated  results  with  the  US-Midlatitude  summer  data. 

These  results  correspond  in  good  approximation  with  those  of  the  upper  extreme  values. 

The  reason  may  be  found  in  the  fact  that  both  atmosphere!  nave  a humidity  content  of 
about  13  g/m^  at  M3L. 

The  lower  extreme  values  for  summer  1973  correspond  qu.r.e  well  with  "th.:  US-i>tandard  At- 
mosphere 1962"  with  a humidity  of  aoout  6 g/-AJ  at  MOL. 

A comparison  oi  the  mean  values  of  winter  and  aummm  enables  Fig,  11.  Due  to  the  lower 
humidity  content  in  winter  the  atmospheric  transparency  is  higher  than  in  summer. 

4.2  Calculated  Results  with  General  Weather  Map  Type  Data 

The  superposition  of  probability,  type  and  Intensity  of  precipitation,  typo  and  extension 


shows  the  transmission  per  km  for 


- the  general  weathe.-  situation:  notch  in  winter,  northern  Germany  with  and  without  ram 
of  4 mm/h  which  occurs  with  an  8 % probability  during  this  weather  situation. 

The  significant  reduction  of  trunsmi  t sion  in  a.’  X spectral  regions  can  easily  be  seen. 


5.  CONCLUSION 

The  existing  LCWTRAN  3b-code  was  supplemented  by  a computer  program  describing  the  i X- 
tinction  of  electromagnetic  waves  by  hydrometcers.  The  extended  program  ia  ir>  u>e  in 
Germany  for  OR  and  system  design  purposes.  According  to  the  requirements  detailed  atmos- 
pheric parameters  including  hydrometeor*,  were  inserted  based  upo,.  a deta ' led  evaluation 
of  the  Aw  GoophyS:  The  pro-gram  is  compatible  w i 1 h the  program  RA'*.RAN  describing  the  at- 
mospheric Influence  in  the  microwave  region. 

Due  to  the  limited  computing  time  allowed  for  operational  roBearcI.  (OR)  purposes  only 
single  scattering  was  respected.  Multiple  scattering  calculations  may  improve  the  Accur- 
acy of  the  results. 

The  concentration  of  rain  droplets  was  assumed  to  be  based  upor.  I.aws-Paison  dl.strtlvj- 
v ions . A verification  of  the  full  truth  of  thin  preliminary  dreition  hat  still  tv  be 
made. 

Uue  to  the  lack  of  related  data  the  influence  of  atmospheric  turbulences  could  not  yet 
be.  respected . 
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10,6  /um  for  MP-  and  LP- 
dietrlbut  ioriB  with  differ- 
ent integration  parameters 


km 

5 


3f 


6 1 

1 

c 

x 


T 1 

Maosurad  Extinction 
” | at  10.6  pm 

IL 

ii  ot  u.blpm 

CalaJatad  Extinction 

with  ,L.P  ot  10.6 urn 

/ 

V/  ■ 

— With  M r 

S-- 

\ 

V' 

X 

/ 

sf 

1 

Rainrota 


10 


30 


100  mm/hr 


Fig.  5:  Comparison  of  experimental 
and  calculated  extinction 
coefficients  as  a func- 
tion of  rain  rate 
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Fig.  6»  Calculated  extinction  coefficient 
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wavelength 
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7: Pressure  profiles  as  a function  of  Fig.  8:  Temperature  distribution  as  a function 
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Fig.  9:  Humidity  as  a function  of  height  above 
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Pig.  10:  Atmospheric  transmission  for  different  meteorological  data  sets 
as  a function  of  wavelength 
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DISCUSSION 


R.A.McCUtchey,  US 

It  was  indicated  that  the  LOWTRAN  3D  Program  as  modified  was  applied  to  laser  transmission.  In  regions  of 
molecular  absorption,  this  application  would  be  inapplicable.  Would  the  author  please  comment? 

Author's  Reply 

It  is  intended  to  use  the  improved  version  of  the  LOWTRANCode  together  with  the  supplements  of  our  program. 


J.Rdttger,  FRG 

Turbulence  might  give  rise  to  strong  signal  scintillation  which  can  detonate  the  circuit  reliability.  Would  you  assume 
a necessity  to  include  models  of  (clear  air)  turbulence  for  further  improving  your  calculations? 

Author’s  Reply 

The  program  is  in  the  first  stage  of  development.  During  the  improvement  stage  of  the  program  w«  expect  to  receive 
input  data  describing  the  influence  of  turbulence  in  an  appropriate  way. 


M.Tavis,  US 

Is  molecular  absorption  included  in  cloud  propagation  calculation  along  with  the  hydrometeoi  effects? 

Author’s  Reply 

The  molecular  absorption  of  water  vapor  and  oxygen  is  included  in  the  calculation  of  rainfall  rates  at  37  GHa.  But 
in  comparison  with  the  scattering  and  absorption  effects  of  different  raindrop  distributions  the  contributions  of 
atmospheric  gases  don’t  play  a dominant  role  at  this  wavelength. 


A BAR(K  LINK  MODEL  FOR  Till  FRLDICTION  OF  Till  VLPT1CAL  TEMPERATURE  AND  MOISTURE 
STRAT II  R ATION  IN  THE.  BAP.OCL1NIC  BOUNDARY  LAYER 

h> 

W Brhnke 

llnivcrsitat  Koln,  l ed.  Rep.  of  Germany 


Abstract 

A taroclinic  but  otherwise  horizontally  homogeneous  model  of  the  planetary  boundary 
layer,  which  considers  instationsrity , is  used  to  compute  the  different  influences 
of  roughness  and  baroclinity  on  inversion  height.  Computations  are  compared  with 
the  measurements  of  an  acoustic  echo  sounder. 


1.  Introduction 

The  planetary  boundary  layer,  i.e.  the  lowest  part  of  the  atmosphere  of  about  1-2  km 
thickness,  became  subject  of  increasing  interest  in  atmospheric  research  and  modeling. 
Tt  is  the  transit  layer  for  all  exchanges  of  energy  end  momentum  between  the  free 
troposphere  and  the  ground.  Therefore,  its  vertical  structure  determines  to  a large 
extent  these  processes,  since  it  is  also  largely  affected  by  the  large-scale  circu- 
lation processes  and  by  the  structure  and  thermal  properties  of  its  lower  boundaries, 
its  modeling  requires  a detailed  understanding  of  both  these  properties. 

Recent  considerable  efforts  to  investigate  the  properties  of  the  planetary  boundary 
layer  primarily  arose  from  the  need  to  model  the  physical  processes  in  it  within  the 
frame-work  of  numerical  forecast  models.  Such  work  nas  been  recently  summarized  by 
the  European  Centre  for  Medium  Range  Weather  Forecasts  (1970.  But  also  the  research 
of  the  effect  of  urban  areas  on  the  climate  in  the  immediate  environment  requires  a 
basic  physical  understanding  of  the  physical  processes  taking  part  within  the  boundary 
layer.  Such  work  earned  increasing  interest  as  the  general  interest  for  environmental 
problems  increased  (e.g.  Chandler,  T.J.,  1976). 

Within  the  context  of  this  meeting  also  an  exact  physical  modeling  of  the  planetray 
boundary  layer  and  perhaps  a foiecast  of  its  vertical  structure  and  perhaps  also  its 
turbulent  behaviour  is  of  great  interest.  For  instance, within  or  near  inversions  the 
vertical  profiles  cf  temperature  and  moisture  exhibit  drastic  chang.es,  thus  effecting 
the  propagation  of  electromagnetic  waves  of  the  cm-  and  m-regions  (Jeske,  H.  , 1965; 
FrUchUenicht , H.W. , 1971),  Horizontal  communication  lines  will  have  major  profit  from 
an  exact  forecast  of  such  properties,  e.g.  of  the  profiles  of  the  refraction  index. 

This  includes  also  the  evaporation  ducting  frequently  observed  over  the  oceans. 

This  paper  does  not  present  a general  survey  on  recent  research  of  the  properties 
of  the  planetary  boundary  layer.  Such  results  are  reviewed  in  recent  publications  by 
Eusinger  (1973)  or  by  Tennekes  (1973).  Instead,  it  contains  the  description  of  a 
time-dependent  and  baroclinic  boundary  layer  model,  which  could  be  used  for  short-range 
frrscasts  of  the  vertical  temperature  and  moisture  structure  - and  thus  also  the 
refractive  index. 


2.  The  model 


The  model  makes  use  of  the  Bouse i nesq-approximation  and  considers  all  processes  as 
instationary.  It  is  horizontally  IioinOgcneouB , but  baroclinic.  Its  original  version 
for  a barotropic  model  atmosphere  haB  been  developed  by  Venkatran  and  Viskanta  (19751. 

These  authors  determine  the  turbulent  exchange  with  the  equation  for  turbulent  kinetic 

energy  E,  as  derived  bv  Monin  and  Yaglom  (1971).  * 

It  is 


E 


♦ V 


(i) 


where 

total 


u',  v',  w'  are  small  deviations  from  the  respective  mean  wind  components.  The  ; 

change  of  E with  time  Is  given  by  j 
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where  l is  the  mixing  length  and  y is  the  so-called  counter  gradient  (Deardorff,  J.W., 
1966);  g,  T are  the  pravitatonal  acceleration  and  temperature,  respectively.  The  first 
three  terms  on  the  ri ght-hand-B ide  of  eq.  (?)  determine  the  divergence,  shear  production 
and  thermal  production  of  turbulent  kinetic  energy,  the  last  term  describes  its 
dissipation. 

It  is 
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where  c has  to  be  determined  experimen  ally.  c = 0.09  is  a commonly  accepted  value 
(Launder  and  Spalding,  1972).  We  assume  the  ratio  for  the  exchange  coefficients  for 
heat  and  momentum  as  constant  (as  derived  hy  Rusinger  et  al.  (1972))  for  neutral 
stratification. 
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It  is  further  after  Blackadar  (1962) 


km  = el/3 


.*/3 


(5) 


where  the  mixing  length  l depends  on  the  height  of  the  planetary  boundary  layer. 

The  height  is  determined  by  the  energy  and  momentum  fluxeB  at  the  surface,  but  also 
by  the  gradients  of  the  wind  and  temperature  fields  above  the  inversion,  capping  the 
boundary  layer. 

In  the  equation  of  motion  we  consider  the  baroclinicity  as  expressed  by  the  geostrophic 
wind  shear  Au  ( x-di ~ectior ) and  Av  (y-direetion) 


U - ♦ f(v-(v  iv-z)) 

ST  = ' f{u'(V  Au*2)) 


(6) 


u_  and  v describe  the  geostrohic  wind  components  at  the  surface  and  f it  the  Coriolis 
eg 
parameter. 

The  diabatic  heating  of  the  model  by  solar  Rnd  terrestrial  radiation  haB  been  computed 
with  a modified  two  stream  approximation  (Kerschgens  et  al.,  1978)  and  in  the  infrared 
by  a simplified  flux  equation  model,  which  is  similar  to  that  "by  Rodgers  and  WalBhaw 
(1966).  The  diurnal  variation  of  the  solar  zenith  angle  is  considered  with  time  steps 
of  on* 

The  equations  or  motion  and  equations  for  the  conservations  of  energy  and  moisture 
have  been  solved  with  a finite  difference  approximation.  A first  order  finite  difference 
scheme  hap  been  used  to  solve  the  equation  for  turbulent  kinetic  energy. 


3.  Some  results 

Results  have  been  obtained  for  the  following  boundary  conditions: 

tnermal  diffusion  in  the  ground  = 1.33-10-2  cm  b-1 
(Verkatram,  A.,  et  al.,  1976) 

evaporation  at  tb*  surface:  as  determined  by  the  Halsteadt 

parameter  H = 0,1  (Halsteadt,  M.K.,  et  al. , 1957) 

— 1 

Coriolis  parameter  f = 1.11*10  s 


The  initial  conditions  are  based  on  synoptic  observations  and  a radiosonde  sounding 
obtained  on  July  11th,  1977  at  noon  (13. vO  GMT)  over  Cologne,  Germany.  At  this  parti- 
cular day  the  large  scale  circulation  over  that  area  was  dete» mined  by  an  anticyclone 
with  warm  air  advection;  the  geoctropt^c  wind  at  ground  was  abo>tt  iC  ms'1,  the  height 
of  the  boundary  layer  amounted  uo  1900  m. 

In  these  model  considerations  we  prescribe  the  baroclinicity  (Fig.  1)  by  | 

B =■  120°,  300°  (B  - angle  between  the  geostrophic  j 

wind  at  the  surface  vid  thr  thermal  • 

wind)  ' 

I 

and  ths  wind  shear  magnitude  i 

(Au2  + Av2)5/2  * 5 • lO--5  s"1  1 


,ib-J 


and  the  roughness  parameter 

zQ  = 10  cm  (roughness  parameter) 


3.1  Effect  of  the  baroclinicity  or.  the  height  of  the  planetary  boundary  layer 

Rome  results  on  the  vertical  profiles  of  magnitudes  of  the  shear  and  thermal 
production  terms  (erg/ s)  are  shown  in  Pig.  2 for  a labile  stratification.  The  inversion 
height  is  165c  m for  8 = 120°  (warm  air  advection)  and  much  smaller  for  8 = 300° 
when  artificially  a cold  air  advection  is  considered.  In  the  first  case  the  wind 
shear  at  the  lower  boundary  of  the  inversion  is  larger,  and  thus  also  the  downward 
entrainment  of  heat  through  the  inversion. 

After  sunset  the  height  of  the  boundary  layer  suddenly  breaks  down  and  the  noctur- 
nal inversion  arises.  Fig.  3 shows  a comparison  of  the  computed  inversion  height 
with  that  measured  by  an  acoustic  sounder  on  evening  of  11th  July  1977  over  the 
city  of  Cologne. 

A wind  speed  maximum  is  frequently  observed  at  the  top  of  the  nocturnal  inversion 
(Lettau ,H . , 1954 ; Blackadar,A.K.  ,1955;  Thorpe, A. J.  ,1977).  ThiB  sharp  maximum  is 
supergeostrophic  and  in  often  associated  with  extremely  large  values  of  wind  shear. 
Blackadar  (1957)  has  shown  that  this  inversion  wind  maximum  (also  described  by 
Pei  ter ,E , R ., 1961 ) iB  caused  by  an  inertia  oscillation  in  the  region  above  the  in- 
version, where  all  the  turbulent  exchange  is  suppressed,  that  only  a jet-like 
profile  with  a wind  maximum  at  the  top  of  the  inversion  yields  a stable  configuration. 
Whereas,  the  existence  of  a wind  maximum  above  the  level  of  the  inversion  is  liable 
to  result  in  a chaotic  breakdown  of  the  inversion. 

The  model  computations  show  that  not  only  an  increasing  geostrophic  wind  with  height 
but  also  an  increasing  ageostrophic  wind  component  at  the  evening  and  the  inertia 
oscillations  of  this  component  at  night  create  a wind  maximum  severs]  hundred  meters 
above  the  top  of  the  nocturnal  inversion. 

During  cold  air  advection  (8=300°),  the  ageostrophic  component  of  wind  Bpeed  decreases 
with  height,  as  can  be  observed  also  for  a barotropic  atmosphere.  Put  computations 
assuming  warm  air  advection  (the  synoptic  situation  of  11th  July)  give  a growth  of 
the  ageostrophic  wind  component  with  height. 

During  the  night  of  the  11th  July  two  breakdowns  of  the  inversion  occur  in  the  compu- 
tations: the  first  at  22. OC,  the  second  at  <4. CO  local  time.  Such  breakdowns  can  be 
found  at  nearly  the  same  time  in  the  facsimile  acoustic  sounder  chart.  .About  half  nr 
hour  after  breakdown  the  Inversion  regenerates  and  it  is  distributed  among  a deepen 
layer  as  before. 


3.2  Effect  of  the  roughness  parameter  zQ  on  the  height  of  the  PBL 

For  both  cases  of  labile  and  stable  stratification  8 = 60°,  computations  were  made 
assuming  a rather  smooth  surface  (z  = 0.1  cm,  represented v for  mown  grass)  and  a 
very  rough  surface  (z  = 100  cm,  representing  a city).  Figs.  4,  4b  and  4c  show  again 
vertical  profiles  of  the  shear  and  thermal  production  terms  of  turbulent  kinetic 
energy,  computed  for  8.30,  11.30  and  14.30  local  time. 

In  case  of  stable  stratification  the  roughness  lifts  the  height  of  the  boundary  layer 
from  300  to  550  m,  since  it  is  entirely  determined  by  the  wind  shear. 

With  increasing  labilization  the  thermal  production  term  becomes  of  increasing  im- 
portance. However  with  increasing  roughness  the  evaporation  bIbo  riseB,  lowering 
then  the  flux  of  sensible  heat.  Thus  the  FBL  grows  faster  over  areaB  with  lower 
roughness. 


4,  Conclusions 

This  is  a one-dimensi onal  boundary  layer,  where  baroclinicity  is  introduced.  Its 
results,  however,  exhibit  the  behaviour  of  the  PBL  as  it  can  be  also  quite  frequently 
observed.  In  this  paper  we  demonstrate  the  results  with  the  aid  of  two  terms  of 
the  equation  of  turbulent  kinetic  energy  (2),  In  the  oral  presentation  our  discussions 
will  be  extenned  to  the  effect  of  these  changes  on  the  stratification  of  the  refrac- 
tive index  in  ;he  microwave  region. 


5.  References 

Blackada", A . Y. . , 1955  ,"The  Low  Level  Jet  Phenomenon"  , Institute  of  the  Aeronautical 
Sciences  Reprint  No.  519. 

RIackadar  ,A . V. .,  1957  ."Boundary  Layer  Wind  Maxima  and  Their  Significance  fer  the 
Growl h of  Nocturnal  Inversions" .Bull,  fimer.  Meteor.  Soc.,vol.36, 
pp  283-290. 

Jlackadar,A,K. ,1962, "The  Vertical  Distribution  of  Wind  and  Turbulent  Exchange  in 
a Neutral  Atmosphere",.!.  Deophys.  Res.  67, pp  3095-3102. 

Busirip.er  ,J . A.  , 1?7?  ."Turbulent  Transfer  in  the  Atmospheric  Surface  Layer",  Workshop 
in  Mici-ometeorology  ,D.  A . H&ugen,  F.d.,  Amer.  Meteor.  Soc., Boston, 
pp  67-100. 


304 


Centre  for  Medium  Range  Weather  Forecasts , 1976 ."Seminars  on  the  Treatment  of  ohe 

Boundary  Layer  in  Numerical  Weather  Prediction'’ .Reading  6-10th  Septem- 
ber 1976. 

Chandler,!.  J.  tl976,"Urban  Climatology  and  its  Relevance  to  Urban  Design"  .Technical 
Note  No.  1 it 9 . WHO, Geneva. 

Deardorff.J.W. ,1966, "The  Counter-Gradient  Heat  Flux  in  the  Lower  Atmor-rhere  and  in 
the  Laboratory",.!.  Atm.  Sc.,25,pp  5*33 ”506. 

Frdrhtenicht  ,li.W.  ,1971  ."Atmosphlriucix  Einfl’Jase  auf  die  Ausbreitung  elektromagneti- 
scher  Wallen  (em-Band)  Uber  See  innerhalb  ries  radioptischen  IIorisontR", 
Hamburger  Oeophys.  Finzelnchri ften , Heft  It. 

Halstead, M.R. .Richman.R, .Covey, W.  , and  Merman, J. ,1957  ,"A  Preliminary  Report  on  the 
Design  of  r Computer  for  Mi crometeorology" , J . Meteor.  lt,pp  308-325. 

Jeske,H. ,1965,,,Die  Ausbreitung  elektromagnetischer  Wellen  im  cm-  bis  m-Band  Uber 

Meer  unter  bosonderer  Berticksi  chtipung  dor  neteorologischen  Bedlngungen 
in  der  rnaritimen  Grenzschicht"  .Hamburger  Geophyt.  Finzelschrl ften , Heft  6. 

Ker3chgena ,M. , 1978 /’Ferechnungen  des  solaren  Strahlungstransports  in  AtmosphKre  una 
Ozean  ir.it  Hilfe  einer  Zweistrommethooe" .Inaugural-Dissertation  zur  Fr- 
langurg  des  Doktorgrades  der  Math. /Nat,  Fak.  der  Univ.  zu  Kbln. 

Launder  ,B.E.  , and  Spaldir.g^O.B,  ,19/2, "Lectures  in  Mathematical  Models  of  Turbulence^ , 
Academic  Press,  London  ar.d  New  York. 

Lettau ,H. , 195*1 , "Graphs  and  Illustrations  of  Diverse  Atmospheric  States  and  Processes 
Observed  During  the  Seventh  Test  Period  of  the  Great  Plains  Turbulence 
Field  Program" .Occasional  Rsport  No.  i,  Atmospheric  Analysis  Laboratory. 
Air  Force  Cambridge  Rcsearcn  Center. 

Monin, A. S. , and  Yaglcm, A . M» ,1971  /’Statistical  Fluid  Mechanics  of  Turbulence" ,Vol . 1, 
The  M.I.T.  Press,  Cambridge .Mass . . 

Reiter, E.R.  ,1961, "Meteorologie  der  Strj-.hlutrOme" , Wien, Springer  Verlag. 

Rodgers ,C. D. ,Walshaw,C. D. , 1966 ."The  Computation  of  Infrared  Cooling  Pate  in  Plantary 
Atmospheres" ,0u.  j.  R.  M.  S.,92,pp  67-92. 

Tennekes.H. ,1972, "Similarity  Laws  ana  Scale  Relations  in  Planetary  Boundary  Layers", 
D.A.  Haugen,  Fd.  Amer.  Meteor.  Soc . .Boston ,pp  177-21A. 

Thorpe , A. J. ,0uymer,T.H  ,1977, "The  Nocturnal  Oet" ,Cu.  J.  R.  M.  S,,103,pp  633-65j. 


Fig.l.  The  8ngle  8 between  the  surface  geostrophl c wind  arid  the 
therrcl  wind  shear  . 


Pig. 2:  Tht-  computed  thermal  asui  the  ah  *nr  production  terms 
(teuatlon  2)  and  the  inversion  height  at  It. 30  local 

time  for  warm  air  advection  (f : l?C r)  and  cold  j#ir  1 

ad  v#ct 1 on  C 6 « 300 ' ) . 
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DISCUSSION 


M.Tavis,  US 

Do  you  have  any  comment  on  the  possib'lity  of  the  effect  of  gravitational  waves  on  the  inversion  layer  causing 
scintillation  of  received  microwave  signals  at  low  observation  angles,  i.c.,  5°. 

Author's  Reply 

As  lar  as  I know  the  decrease  Oi  increase  of  inversion  height  is  often  combined  with  gravitational  waves  as  measure- 
ments of  an  acoustic  sounder  system  indicate.  But,  I car.  give  no  comment  about  the  effects  on  the  mentioned 
wave  propagation  problem.  At  this  particular  point,  1 must  refer  to  the  author,  W.Behnke. 
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SUMMARY  OF  SESSION  VIII 
OPTICAL  SYSTEMS/PROJECTS 

by 

Dr  L.F.Drummeter 
Session  Chairman 


The  session  provided  several  views  of  programs  which  are  concerned  with:  either  the  acquisition  of  data  for  the 
verification  or  improvement  of  propagation  models,  or  the  generation  of  modelling  procedures  for  evaluating  or 
predicting  optical  system  performance. 

The  emphasis  is  in  the  region  of  the  lower  atmosphere.  The  US  Navy  outlined  two  widely  different  programs.  The 
wont  of  Dowling  et  a!  and  Trusty  and  Cosderi,  from  the  US  Naval  Research  Laboratory  is  concerned  with  the  acquisition 
of  field  data  to  help  improve  the  well-known  HITRAN  and  LOWTRAN  models  of  the  Air  Force  Geophysics  Laboratory 
The  program  of  Katz  and  Hepfer,  of  the  Naval  Surface  Weapons  Center,  is  designed  to  provide  statistical  performance 
prediction  capability  for  at-sea  electro-optical  systems. 

Tile  work  of  the  US  Army  Atmospheric  Sciences  Laboratory,  as  described  by  Gomez,  is  concerned  with  problems 
cf  the  bat.lefield  environment  on  electro -optica!  systems.  The  large  scale  effort  involves  laboratory  me.Juiements,  field 
measurements,  modelling,  etc.  in  a complicated  area.  In  Europe,  somewhat  similar  concerns  are  developed  under  the 
OPAQUE  project  which  has  major  measurement  programs  underway.  In  Germany,  H.  von  Redwitz  et  al  from  the  Institute 
fur  Physik  der  Atmosphere  (DFVLR)  have  had  a program  for  airborne  photometric  measurements  which  help  connect 
scattered  OPAQUE  stations  through  visibility-type  information. 

Also  in  Germany,  Abele  et  al  from  the  Forschungsinstitute  fllrOptik  have  been  examining  transmission  in  the 
important  C05  region  and  comparing  it  to  visible  transmission.  It  appears  predictions  from  visible  to  10  pmeters  are  not 
adequate  an  important  operational  finding. 
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A REVIEW  QF  THE  NAVAL  RESEARCH  LABORATORY  PROGR/M 
IN  ATMOSPHERIC  MRASURB4ENTS  AND  APPLICATION 
TQ  MODELING 


I - precision  Atmospheric  TrartOminalon  MeaaurementB  and  Model  Comparlsona 

J,  A.  Dowling,  J.  A,  Curcio,  S.  T.  Harney, 

R.  F.  Horton,  K.  M.  ’aught,  D.  11.  Garcia, 

A.  Guttraan,  C.  0.  Gott  and  W.  L.  Agambar 


Naval  Research  Laboratory 
Washington,  D.  C.  20375 


SUMMARY 

Extensive  field  measurements  of  atmospheric  extinction  at  several  infrared  laser  wavelengths  have 
been  performed  using  procedures  and  facilities  described  in  this  paper.  Recent  additions  to  these 
experiments  include  a high  resolution  Fourier  transform  spectrometer  (FTS)  and  a gas  filter  correlation 
spectrometer  (GPCS)  which  use^  HDO  as  the  filter  gas,  The  combination  of  laser  extinction,  FTS  and 
GFCS  measurement  a provide  well  characterized  and  precisely  calibrated  high  resolution  transmission 
epectra  useful  in  comparisons  to  computational  models.  Examples  of  comparisons  between  these  data  and 
line-by-line  computer  calculations  for  several  spectral  regions  are  presented  and  discussed. 

1.  INTRODUCTION 


For  several  years,  NRL  scientists  have  been  conducting  field  experiments  dealing  with  atmospheric  propa- 
gation of  Infrared  laser  beams.  Earlier  experiments  were  designed  to  study  the  effects  of  beam  spread- 
ing ar.a  beam  wander  caused  by  atmospheric  turbulence  (Dowling,  J.  A.,  ar.d  P.  M.  Livingston,  1973), 
Recently,  measurements  of  atmospheric  extinction  at  aeveral  laser  wavelengths  of  interest  to  the  Navy 
High-Energy  Laser  Project-primarily  those  of  the  DF  laser  operating  near  3.8ura-have  been  emphasized. 

During  1975,  two  extensive  experiments  were  conducted  at  coastal  flitea  In  Florida  and  Inter  in  California. 
The  Florida  experiment  followed  initial  DF  laser  transmission  measurements  performed  at  the  Cape 
Canave’ttl  Air  Force  Station  (CCAFS)  early  in  1974,  The  California  experiment  was  performed  in  conjunc- 
tion with  Hgh-pover,  DF  laser  propagation  tests  conducted  during  the  Joint  Army-Navy  Propagation 
Experiments  at  the  1KW  Capistrano  Test.  Sice  during  hay  through  OuLobei  1573,  (Dowling,  J„  A.,  at  al, 
1977). 

Several  hundred  measurements  of  DF  and  Nd-YAG  laser  transmission,  along  with  supporting  meteorological 
data,  were  used  to  teat  the  validity  of  transmission  predictions  based  on  a line-by-line  computer  code 
calculation.  The  results  of  comparisons  of  the  field  measurements  with  predictions  based  on  a Hi- TRAN 
type  calculation  using  the  AFGL  spectral  line  atlas  are  summarized  in  this  article. 


hecent  modif icatio.is  to  the  trailer-based  measurement  system  used  in  thi  earlier  Florida  and  California 
experiments  Include  two  significant  additions;  a)  a high- resolution  atmospheric  measurement  capability 
baaed  on  a Fourier  transform  spectrometer  (FTS)  system  and  a gas -filter  correlation  spectrometer  (GFCS). 


This  paper  describes  the  apparatus  used  in  the  three  types  of  measurement®,  the  philosophy  underlying  the 
experiments,  an'*  the  more  important  results  obtained  in  recent  studies.  Examples  of  data  collected  in 
these  experiments  are  uaed  to  illustrate  the  application  of  high  resolution  transmission  measurements 

of  infrared  laser  ar.d  infrared  tarcet  signature  crcsesiticr.. 
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2. 


LASER  EXTINCTION  MEASUREMENTS 


The  inf rared  Mobile  Optical  Radiation  Laboratory  (IMOHL)  used  to  collect  tha  laser  calibrated  high- resolu- 
tion atmospheric  transmission  spectra  discussed  in  this  paper  comprises  several  Infrared  laeer  and  black- 
body  sources,  large,  .able  telescope  optics,  a scanning  Mlchslson  interferometer  (SMI)  i/eteei,  end 
various  support  equipment,  all  of  which  ate  transport*''  in  and  operated  from  a.v.ral  large  oaml-trallere. 
The  usual  maaaureotnr  configuration  consist#  of  an  optical  transmitter  trailer  housing  HeNe,  Nd-YAC,  DF, 
CO,  and  C02  tingle- line  cw  laser  sourcea,  relay  optics,  and  a large  stably-mounted  and  precisely-pointed 
91  cm  aperture,  f/35  Catstgraln  collimating  talescopr.  The  small  cw  combustion-driven  DF  lassr  uetd 
for  much  of  the  laser  extinction  work  previously  carried  out  requires  s lsrgs  (16C0  cfm)  vacuum  system 
for  ope  t .tion,  Thie  pump  le  housed  in  a separate  trailer;  a 20  cm  diame'er,  vacuum  line  la  installed 
once  the  two  trailer#  are  properly  located  at  the  measurement  site.  Two  additional  trailers  contain 
offlse  space,  meteorological  signal  protesting  and  recording  electronics,  and  bottled  gas  and  other 
consumable  supplies  used  during  the  course  of  an  experiment. 

The  ETH  system  and  separata*  used  for  later  extinction  measurement#  Is  housed  in  a receiver  trailer 
which  contain,  a 120  cm  apsrtura,  f/5  newtonisn  telescope.  The  large  recelrer  tv’escope  aperture  insures 
that  Che  entire  laeer  beam  u#*d  during  long  path  (typically  3 km)  extinction  moaauremeut*  can  be  entirely 
collected,  thereby  providing  reliable  absolute  transmission  calibrations  for  tbs  FTB  measurements.  High 
resolution  transmission  Bpscts.  ara  taken  by  substituting  c 1300  K blackbody  source  for  the  laeor  source 
in  the  transmitter  optical  system  end  adjusting  the  receiver  optical  eystem  so  ae  to  couple  the  FTS 
system  to  the  120  cm  collecting  telescope.  Repeated  calibrations  end  extensive  experience  with  this 
measurement  system  In  field  experiments  have  demonstrated  that  abaoluta  ercatal'slon  can  be  readily 
measured  for  long  atmospheric  paths  with  an  uncertainty  leas  than  + 3Z. 
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Figure  1 is  a photograph  of  the  transmitter  station  taken  daring  a recent  experiment  at  the  Patuxent 
Naval  Air  Station*  Patuxent  River*  Maryland.  From  left  to  right  in  the  figure  can  be  seen  an  office 
trailer  and  meteorological  system  electronic,  vacuum  pump  trailer,  optical  transmitter  trailer  (the 
91  cm  aperture  telescope  frame  may  be  seer.  through  the  open  doom),  and  the  supply  trailer  respectively. 

Figure  2 is  a schematic  depicting  the  experimental  arrangement  used  for  laser  extinction  measurements. 

The  output  beam  from  any  of  the  several  laser  sources  used  la  first  collimated  by  auxiliary  optics  to 
a diameter  of  approximately  18  mc<  The  beam  Is  then  focused  via  the  off-axis  parabolic  mirror  shown  in 
the  upper  left  and  then  diverged  to  fill  the  91  cm  transmitter  telescope  aperture,  A 37  Hz,  507.  duty 
cycle  chopper  modulates  the  beam  near  the  focus  formed  by  the  off-axis  parabola.  The  beam  is  alternate- 
ly transmitted  through  the  telescope  and  reflected  onto  the  stationary  detector  as  shown.  The  Mobile 
detector  shown  in  the  figure  is  placed  in  the  "XMTR"  position  for  calibration  measurements  ir.  which  the 
relative  response  of  the  two  detectors  is  measured.  The  mobile  detector  is  then  placed  near  the  focus 
of  the  120  cm  aperture  receiver  telescope  for  a)  calibration  of  the  large  telescope  optical  efficiencies 
or  b;  long  path  extinction  measurements.  The  calibration  measurements  are  carried  out  with  the  transmitt- 
er and  receiver  trailers  immediately  opposite  one  another,  i.e.  for  ^ zero  atmospheric  path.  When  the 
trailers  are  separated  for  long  path  measurements  the  two  types  of  calibration  data  are  then  used  to 
determine  absolute  atmospheric  transmission  for  the  several  laser  lines  studied.  The  signal  produced 
by  the  mobile  detector  in  the  receiver  trailer  at  one  end  of  the  measurement  path  is  relayed  to  the 
transmitter  by  means  of  a pulse- rate-modulated  (PRM)  GaAe- laaer-based  data  1 ini: . This  signal,  propor- 
tional to  laser  power  at  the  receiver,  ii  connected  u » 'a  numerator  Input  of  a special  purpose  analog 
ratiomater.  The  stationary  detector  signal,  proportional  to  the  transmitted  laser  power  la  connected 
to  the  denominator  Input  of  the  ratlometer.  Thus,  a real  time  measure  of  transmission  for  the  laser 
line  being  studied  is  available  at  the  transmitter  site.  The  ratlometer  reading  must  be  corrected 
for  the  relative  response  of  the  two  detectors  for  that  laser  llr.e  (monitored  dally)  and  the  efficiency 
of  the  large  optical  elements  beyond  the  chopper  in  order  to  obtain  absolute  transmission  readings.  As 
shown  in  Figure  2,  the  voltage-controlled  oscillator  (VCO)  and  f requency- to-voltage  (FVC)  convertor 
uRed  with  the  GaAs  data  link  are  also  connected  in  the  numerator  circuit  of  the  ratlometer  when  the 
mobile  detector  is  used  In  the  "XMTR"  position,  so  that  their  combined  transfer  function  is  normalized 
out  of  the  final  extinction  ratio. 

A comparison  between  observed  extinction  (which  includes  aerosol  scattering  effects)  and  calculated 
molecular  absorption  for  22  DF  laser  line*  between  3.6  and  4.1  Is  shown  in  Figure  3.  One  would  expect 
a conctant  offset  between  the  two  sets  of  points,  due  to  aerosol  scattering.  As  seen  In  the  figure, 
the  agreement  is  quite  good  when  the  trends  between  the  two  sets  of  points  are  compared. 

Date  from  both  the  Florida  and  California  experiments,  such  as  that  in  Figure  3,  were  corrected  for 
aerosol  effects  and  compared  with  molecular  absorption  calculations.  An  example  of  such  a comparison 
for  the  Pl-8  DF  laser  line  is  shown  in  Figure  4.  The  squares  are  data  taken  at  Cape  Canaveral,  Florida, 
the  crosses  are  data  taken  at  the  TRW  Capistrano  Test  Site,  California. 

A suimsary  of  comparisons  such  as  shown  in  Figure  4 1#  presented  in  Table  I fui  the  tulu latitude- summer 
water-vapor  partial  pressure  of  14.26  Torr.  Column  five  of  the  table  liBta  the  differences  between 
measured  and  calculated  absorption  coefficients  for  each  of  the  DF  laser  lines  listed  in  column  one. 

The  calculations  utilized  recently  measured  HDO  line  strengths  and  widths;  the  agreements  between  theory 
and  field  measurements  are  quite  good,  with  the  worst  case  differences  remaining  about  207,, 

3 • GAS  FILTER  CORRELATION  SPECTROMETER  MEASUREMENTS 

Figure  5 illustrates  the  basic  operation  of  tne  GPCS  device.  The  average  transmission  of  an  atmospheric 
const itu  it  in  the  spectral  interval  du  is  given  by  the  expression  equated  to  Ia,  The  energy  from  a 
greybody  source,  spectrally  modulated  by  absorption  due  to  one  or  more  atmospheric  constituents,  is 
collected  by  the  receiver  optics]  system.  This  selectively  transmitted  energy  is  alternately  passed 
through  a spectrally  nonsolective  attenuation  arm  with  transmission  Tr  or  through  s cell  containing  a 
known  amount  of  the  absorber  under  study,  whose  transmission  le  Tc(u).  The  nonselective  transmission 
W is  initially  balanced  against  the  average  transmission  of  the  cell  during  calibration.  It  the 
spectral  character  of  the  atmospherically  transmitted  energy  resembles  that  of  the  cell  absorber  Tc(u), 
then  e difference  in  transmission  and  hence  a modulation  signal  will  result  when  the  light  from  the 
distant  source  is  alternately  passed  through  the  GFCS  instrument's  two  arms. 

If  the  Atmospheric  abundance  of  HDO  along  th*  5-km  path  used  for  the  laser  extinction  and  PTS  measure- 
ments Is  sampled  by  the  GFCS,  then  a path  Integral  value  for  atmospheric  water  vapor  may  be  obtained  by 
using  the  Isotopic  abundance  of  HDO/H2O  of  0.030%,  Since  water  vapor  is  an  important  absorber  in  the 
Infrared  regions  of  interest  for  etmoephsric  transmission  studies,  this  path  integral  is  very  important 
ivt  use  in  comparisons  of  transmission  data  to  calculations!  models.  Path  integral  measurements,  like 
thr>*e  provided  by  the  GFCS,  ar*  particularly  useful  for  overwatsr  transmission  experiments  where  midpoints 
•long  ths  p*  th  are  not  readily  accessible  to  standard  dew-point  observations. 

The  GFCS  meneureaNnt  cannot  utilize  normal  water  vapor  as  th*  filter  gae,  because  an  amount  of  water  in  a 
5-km  path  at  eti  idard  condition*  cannot  be  maintained  in  the  vapor  state  in  the  local  reference  cell. 
However,  there  ia  very  litti*  HDl)  in  the  atmosphere,  so  that  « greatly  enhanced  concentration  of  that  vapor 
can  be  held  in  a multipass  absorption  cell.  A 5-km  path  equivalent  amount  of  HDO  is  contained  in  the  GFCS 
multipass  reference  cell,  which  affords  a total  path  of  40  m. 

Figure  5 is  a plot  of  data  taken  during  recent  experiments  at  the  Fatuxent  Naval  Air  Station,  comparing 
water  vapor  tueasucements  obtained  with  the  GFCS  and  EG AG  model  110  daw-point  hygrometers  located  on  shore 
st  each  end  of  the  5.12-km  ovorwetur  peth.  When  en  HDO/H2O  ratio  of  3 x 10“*  Is  used  in  reducing  the 
GFCS  dati,  the  results  arc  cc'fttilftteotly  low*r  than  the  fixed  point  measurements,  by  ^30%.  Independent 
HDO/H2O  ratios  derived  f rom  S{.ectZLi  taken  during  the  G?C3  measurements  using  individual  H2O  and  HDO 
.poctral  lln*. , tog.th.r  with  L.c.tit  lin,  str.ngth  data  ihow  that  th.  3 x 10"4  abundtnc,  ratio  cannot  be 
univ.raally  appll.d  to  all  *«<i  lavei  location*.  Thi.  1*  an  Important  raoult  .Inc.  th.  HDo/HjO  ratio  pro- 
foundiy  aftacts  DF  laser  propagation. 


) 
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4.  LASER  CALIBRATED  FTS  MEASUREMENTS 

The  procedure  used  in  calibrating  the  relative  FTS  transmission  spectra  by  means  of  measured  laaer-line 
extinction  is  illustrated  graphically  in  Figure  7,  The  upper  portion  of  the  figure  shows  a portion  of 
a transmission  spectrum  recorded  at  NATC,  Patuxent  River,  Maryland.  The  lower  portion  ehowa  the  FTS 
response  to  the  Pl-8  DF  laser  line  at  2717.538  cm"1.  By  use  of  the  procedures  outlined  earlier  for 
laser  extinction  measurements  a 522  transmission  was  measured  at  this  line  and  used  to  calibrate  the  FTS 
spectra  shown.  The  traces  in  Figui ? 7 are  copies  of  records  produced  by  the  FTS  data  system  plotter  and 
show  actual  signal-to-nolse  ratios  observed  in  the  5-km  transmission  spectra. 

Figure  8 shows  results  obtained  with  the  FTS  system  by  use  of  several  DF  laser  transmission-calibration 
points.  The  lower  portion  of  the  figure  shows  a calculation  of  molecular  absorption  for  the  conditions 
listed  above  the  plot.  The  calculations  employ  the  same  HI-TRAN  code  used  in  the  PF  laser  line  calcu- 
lations discussed  earlier.  The  overall  agreement  with  measurements  is  rem.prkably  good  throughout  this 
spectral  region.  Improved  agreement  is  obtained  when  the  HDO/HyO  ratio  used  in  the  calculation  is  re- 
duced to  2x10,  consistent  with  the  GFCS  results  cited  earlier. 


Comparisons  of  experimental  spectra  to  HI-TRAN  calculations  in  several  spectral  regions  have  been  perform- 
ed and  an  example  of  such  a Comparison  la  shown  In  Figure  9.  The  upper  trace  shows  a measured  trans- 
mission spectrum  of  a 5.1  km  path  between  1950  cm"1  and  2120  cm"1  for  12.0  torr  partial  pressure  of  H2O 
and  a visibility  of  31  km.  The  lower  trace  shows  a HI-TRAN  calculation  for  the  Bame  conditions.  1 t is 
readily  apparent  that  the  calculated  spectrum  substantially  overestimates  transmission  in  the  "cleai" 
sub-intervals  near  1980  cm*'-,  2000  cm"  , 2030  c»'*,  2070  era"1,  2085  cm"  , etc.  The  density  of  atmospheric 
absorption  lines  (mostly  H2O)  throughout  this  region  la  very  high,  with  the  result  that  only  selected 
sub-intervals  show  appreciable  transmission.  However  these  sub- Interval  a may  be  Important  for  low  water 
vapor  conditions.  The  calculated  spectrum  was  generated  by  using  an  unmodified  Lorentz  line  shape  for 
the  water  vapor  absorption  lines.  Based  on  the  comparison  shown  here,  it  is  possible  that  the  far  wing 
absorption  tor  H2O  lines  in  this  region  exceeds  chut  of  a pure  Lorentz  lint  shape.  Work  In  our  labora- 
tory Is  currently  being  devoted  to  studying  1^0  line  shape  variations  in  this  region  which  can  account 
for  the  discrepancies  shown  in  Figure  S.  It  is  anticipated  that  a"super  Lorentz"  modified  line  shape 
will  be  found  which,  when  used  In  a HI-TRAN  calculation,  will  generate  agreement  with  the  experimental 
spectrum.  Using  the  variety  of  experimental  spectra  already  obtained  in  the  NRL  measurements  and 
additional  datn  for  conditions  and  ranges  of  interest  which  have  yet  to  be  examined,  a "best  fit" 
modi fleet ion  to  the  Lorentz  line  shape  for  the  spectral  region  shown  will  be  obtained.  When  Incorporated 
Into  the  HI-TRAN  calculation,  reliahle  transmission  predictions  will  be  available  fo>;  the  laser  propa- 
gation and  plume  signature  applications  as  well  as  other  transmission  related  problems  occurring  in  this 
spectral  region. 


Measured  transmission  for  the  region  2578  cm"1  to  2573  cr.”1  is  shown  in  the  upper  portion  of  Figure  10. 

A calculated  spectrum  for  the  measurement  conditions  is  shown  in  the  lower  portion.  The  cuivuiat j 0.1  "as 
carried  out  using  the  modified  line  shape  suggested  by  Winters,  Siivermao,  and  Benedict,  (Winters,  B.  K., 
et  al,  1964)  and  confirmed  by  Burch,  et  al.  (Burch,  D.  E. , et  al  1969).  A significant  difference  exists 
between  calculated  and  measured  spectra  in  the  CO2  band  edge  region.  Work  is  currently  underway  to 
obtain  a modified  line  shape  which  cesults  in  a closer  fit  to  the  experimental  observations.  The  problem 
Is  complicated  by  the  presence  of  an  Ny  preosure- induced  continuum  absorption  which  becomes  more  important 
than  the  CO2  wing  absorption  for  higher  wavenumbers  beyond  «■»  2420  cm"1  and  gives  rlst  to  the  shape  of  the 
absorption  envelope  shown  In  Figure  10  out  to  approximately  2500  cm"1.  The  3^5  i.m  water  "apor  continuum 
absorption  which  has  been  studied  by  Burch,  et  al  (Burch,  D.  E. , et  al,  1974)  and  by  Ur ;kin»  and  White 
(Watkins,  W.  R. , and  White,  K.  0.,  1977)  contributes  absorption  throughout  the  higher  transmission 
region  shown  in  the  figure,  although  the  empirical  expressions  representing  laboratory  measurements  have 
been  carried  out  for  the  region  between  2400  cm  and  2600  cm  , Based  on  an  examination  of  several  long 
path  transmission  spectra  measured  for  absolute  humidities  ranging  between  2 and  20  torr  of  H2O,  the 
water  vapor  contribution  to  absorption  In  the  CO?  band  edge  region  Is  secondary,  changing  the  trans- 
mission by  less  than  10%  st  2935  cm"1  o”et  the  observed  range  in  water  vaprr  partial  pressures. 


Figure  11  shove  a HI-TRAN  calculation  for  the  conditions  specified  in  the  figure  without  the  inclusion 
of  s calculated  3-5  urn  HjO  continuum.  Note  chat  there  are  several  locations  where  > 967.  transmission  Is 
measurable  over  the  5 km  path  for  a water  vapor  partial  pressure  of  12  torr.  (e.g.  2bl0  cm"1,  2603  cm, 
2615  cm"1,  2668  Cm"1,  etc.)  By  examining  high  resolution  spectra  recorded  for  high  visibility  conditions, 
these  maximum  transmission  locations  constitute  a useful  approximation  to  the  3-5  pm  H2O  continuum 
absorption.  Maximum  transmission  velueB  for  several  spectra  corresponding  to  a range  of  water  vapor 
partial  pressures  between  2 and  18  torr  have  been  determined  throughout  the  3 to  5 pm  region.  These 
data  show  the  water  vapor  dependence  of  the  window  envelope  and  correspond  to  HgO  continuum  limited 
transmission  in  the  region  2400  cm"  to  2800  cm"1  but  are  strongly  afffected  by  local  line  wing  contri- 
butions below  2400  cm"1  and  above  2920  cm"1.  Outside  this  region  the  transmission  peaks  define  a 
maximum  transmission  envelope  and  the  edges  of  Che  3-5  pm  window. 


Figure  12  is  a plot  of  experimental  peak  transmission  values  extracted  from  measured  long-path  spectra 
for  the  several  values  of  water  vapor  indicated  in  the  figure.  In  each  case  the  measured  visibility 
exceeded  30  km.  The  peak  transmission  values  are  shown  for  the  entire  3-5  pm  window  in  order  to  demon- 
strate the  strong  dependence  of  the  window  edges  upon  absolute  humidity.  The  region  between  2950  cef1 
end  3150  cm  * is  conelstently  opaque  for  all  but  very  low  velucs  of  water  vapor  while  transmission  across 
the  long  wavelength  edge  between  2000  cm"1  and  2200  cm"1  changes  rather  uniformly  with  change*  in  absolute 
humidity. 

Figure  13  shows  a comparison  of  smooth  curves  represent Ing  the  2,17,nnd  18 torr  (H2O)  date  ehown  in  Figure  12 
to  the  continuum  model  of  Burch  el  al.  (Burch,  D.  E, , et  al  1974),  The  experimental  data  exhibit  a 
flatter  behavior  throughout  the  region  2500  cm"1  to  2900  cm"1  than  does  the  calculation.  The  magnitude 
of  the  Burch  model  is  close  to  tht  observed  value*  for  12  torr  near  2500  cm"*  but  shows  considerably  less 
absorption  throughout  the  rest  of  the  region  and  poorer  agreement  for  humidities  higher  or  lower  than 
12  torr. 
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Figure  14  Is  a comparison  of  the  Jame  peak  transmission  curves  to  the  continuum  model  of  Watkins  and 
White  (Watkins,  W,  R,,  and  K,  0.  White,  1977).  This  model  shows  better  agreement  with  the  field  measure- 
ments at  12  torr  throughout  the  entire  spectral  range  although  the  curves  derived  from  the  long  path  data 
are  consistently  flatter  than  the  model  for  water  vapor  pressures  of  12  torr  and  higher.  Near  2800  cm"1 
the  Watkins  and  White  model  shows  higher  absorption  for  12  and  18  torr  than  does  the  field  data  which  arc 
relatively  flat  out  to  2920  Cm”  . 

We  have  used  several  examples  of  high  accuracy,  long  pcth  atmospheric  transmission  spectra  to  demonstrate 
the  importance  of  this  Information  for  understanding  various  Infrared  atmospheric  transmission  problems. 
Laser  propagation  and  infrared  target  signature  transmission  calculations  must  be  carried  out  using  an 
accurate,  high-resolution  model  to  properly  account  fox  individual  line  effects  In  the  interaction  of  the 
source  emission  with  the  absorbing  atmosphere.  Infrared  surveillance  and  Imaging  systems  operating  in 
moderately  wide  spectral  bands  may  be  affected  by  spectrally  uniform  absorptions  in  the  atmospheric 
windows,  therefore  such  continua  must  be  accurately  modeled  ae  well.  The  use  of  laser- extinct ion-cal i- 
braced,  high- resolution  data  for  continuum  estimates  and  comparisons  to  current  model  values  has  been 
discussed  and  significant  variations  with  calculations  identified.  While  the  line-bv-line  correspondence 
of  measured  and  calculated  spectr*  are  generally  in  excellent  agreement,  several  variations  between 
measured  spectra  and  Hl-TRAN  calculations  have  been  identified  and  work  directed  toward  the  derivation  of 
improved  line  parameters  and  an  empirical  representation  of  the  3-5  uiu  H2O  continuum,  based  on  the  long 
path  atmospheric  measurements  is  in  progress. 
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A REVIEW  OF  THE  NAVAL  RESEARCH  LABORATORY  PROGRAM 
IN  ATMOSPHERIC  MEASUREMENTS  AND  APPLICATION 
TO  MODELING 


II  - Aerosol  Size  Distributions  for  Modeling  and  the  Prediction  of  Optical  Extinctions 
Gary  L.  Trusty  and  Thomas  H,  Cosden 


Naval  Research  Laboratory 
Washington,  D.  C.  20375 


SUMMARY 

In  the  vlnter  of  1975  the  Optical  Radiation  Branch  of  NRL  was  making  outdoor,  long-path,  laser 
transmission  measurements . As  part  of  that  measurement  program  we  began  assembling  Instruments  which 
could  monitor  the  aeroBol  that  contributed  to  the  laser  extinction.  This  paper  will  give  a brief 
description  of  the  resultant  aerosol-monitoring  Mobile  Laboratory  in  its  present  state  of  development 
and  will  present  an  overview  of  the  many  particle  size  distributions  obtained  in  various  locations  in 
the  last  three  years. 

1 INSTRUMENTATION 

Particle  Measuring  Systems  Particle  Spectrometers  measured  the  aerosol  size  distributions.  These 
probes  function  as  part  of  the  Mobile  Laboratory  schematic  shown  in  Figure  15,  which  indicates  two 
primary  sets  of  sensors.  The  meteorological  set  on  the  upper  left  includes  devices  for  monitoring  air 
temperature,  dewpGint,  wind  speed  and  wind  direction.  On  the  upper  right  are  two  Particle  Spectrometers. 
One  is  an  Active  Aerosol  Spectrometer  Probe,  which  measures  particles  in  the  size  range  of  0.1  to  2.0 
micrometer  radius.  The  second  is  a High  Volume  Classical  Scattering  Probe,  which  covers  a size  range 
of  1.0  to  15  micrometer  radius.  The  electronics  which  handle  the  data  from  the  sensors  are  in  the 
Mobile  Laboratory  a.id  are  Illustrated  in  three  columns.  The  center  column  shows  the  Particle  Measuring 
Systems  (PMS)  electronics,  which  include  the  data  buffer  and  a digital  magnetic  tape  where  the 
information  from  all  sensors  is  stored  evety  second. 

Simultaneously,  the  system  feeds  the  information  1*  o the  PUP  11/34  Data  Acquisition  System  for  real 
time  processing.  The  user  may  specify  averaging,  times.  Data  iuuui.Liun  includes  the  generation  of 
aeiosol  size  distributions  from  the  probe  data  and  the  calculation,  from  these  distributions,  of 
extinction  coefficients  for  five  arbitrary  wavelengths  by  the  Mie  scattering  theory.  A disc  stores 
resultant  extinction  coefficients,  Blze  distributions,  and  averaged  meteorological  parameters  at  the 
end  of  each  averaging  petiod;  chis  data  later  produces  time  plots  or  cross-correlation  plots. 

2 . EXPERIMENTAL  RESULTS 

Figure  16  an  example  of  real  time  output  from  the  computer  program.  The  top  line  shows  the  year, 
day,  time  of  day,  and  the  averaging  time.  The  next  line  of  numbers  gives  the  air  temperature, 
dewpoint,  wind  speed,  wind  direction,  barometric  pressure,  partial  pressure  of  water  vapor,  and  the 
relative  humidity.  The  plot  is  dN/dR  plotted  versus  R in  a log-log  form,  where  N is  the  particle 
concentracl  >n  and  R is  the  particle  radius. 

The  on-line  program  uses  the  distribution  to  calculate  in  real  time,  the  particle  number  density,, 
the  cross-sectional  area  density,  and  the  volume  density.  The  results  of  thoce  calculation*  appear 
uirectly  beneath  the  plot.  Finally,  from  the  distribution,  the  extinction  coefficients  at  five 
wavelengths  are  calculated  in  real  time,  as  shown  on  the  last  line.  These  extinction  coefficients, 
obtained  from  Mic  theory,  give  only  the  extinction  due  tc  the  aerosols;  no  molecular  absorption  or 
Rayleigh  scattering  is  Included. 

Figure  17  is  a list  of  the  twelve  field  experiments  where  we  have  obtained  aerosol  size  distribution 
data.  They  Include  inland,  coastal,  and  open  sea  locations.  Those  marked  with  the  circled  crosses 
Indicate  the  locations  reported  in  thi3  paper. 

As  the  first  example,  Figure  18  Is  a set  of  size  distributions  obtained  on  the  open  sea  65km 
off  the  coast  of  Nova  Scotia.  These  result  from  the  ship  encountering  a fog  bank.  Distributions 
are  shown  for  the  aerosol  outside,  near  the  edge,  and  inside  the  fog.  Note  that  for  the  three 
locations  the  shape  of  thA  distributions  are  quite  similar  except  for  the  bimodal  property  of  the 
curve  for  the  INSIDE  case. 

Figure  19  shows  another  set  of  distributions  obtained  on  rhe  ship  cruise  of  the  previous  example. 

The  circles  indicate  a distribution  from  the  middle  of  the  North  Atlantic.  The  triangles  are 

for  an  aerosol  in  the  middle  of  the  Mediterranean.  Note  that  neither  display  an  obvious  sea-spray 

hump  in  the  large  particle  region.  The  solid  curve  denotes  the  Maritime  Aerosol  used  in  LOWTRAN  3B. 

Figure  20  is  an  example  of  data  for  a beach  environment,  obtained  on  the  coast  of  Florida.  The 
variation  in  the  three  cuives  seems  to  be  a result  of  different  relative  humidity  and  wind  direction 

conditions-  The  diamonds  are  for  a low  humidity  case  where  the  wind  was  primarily  from  the  open 

sea,  but  in  such  a direction  that  it  was  nearly  parallel  to  the  beach  at  the  point  of  measurement ; 

very  little  surf  existed.  The  solid  circle*  are  for  a case  of  wind  from  the  land,  agai»  of  low 

huniuity.  The  circled  crosses  are  for  wind  from  the  sea  nearly  normal  to  the  beach;  the  surf  spray 
blew  di-ently  toward  the  particle  counters. 
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Although  the  diatribut ion«  of  the  laBt  example  seem  to  nave  quite  different  shapes,  when  we  calculi  « 
the  extinction  coefficients  as  a function  of  wavelength  as  shown  in  Figure  21  we  find  those  resultant 
curves  to  be  quite  similar.  This  is,  however,  not  the  usual  case,  aa  the  next  example  will  show. 

(The  calculated  points  are  for  the  wavelengths  of  0.55,  1.05,  3.8,  and  10.0  micrometers.) 

Before  going  further,  we  should  point  out  that  results  from  measurements  with  humidities  less  than  70% 
are  suspect  In  several  ways.  The  size  distributions  are  suspect  in  themselves  becuuse  low  humidity 
causes  an  uncertainty  in  both  the  index  of  refraction  and  the  sphericity  ot  the  particles.  The 
particle  counters  are  not  strongly  sensitive  to  index  changes  because  of  the  near-forvard  scattering 
angles  used  in  the  measurement  \ ccess . However,  they  are  certainly  affected  by  the  sphericity.  The 
second  stag?  of  uncertainty  cornea  in  the  calculation  of  the  extinction  coefficient.  Here  both  the 
index  and  the  sphericity  affect  the  answer.  A sensitivity  study  of  index  changes  can  give  an  estimate 
of  the  effect  for  that  portion  oi  the  problem,  but  the  effect  of  the  sphericity  is  harder  to  predict. 

Thus,  we  consider  our  results  here  to  be  good  for  the  higher  humidity  cases,  but  to  have  obvious 
problems  fov  conditions  of  low  humidity.  However,  in  the  general  references  to  distribution  shapes, 
although  several  of  these  shown  have  low  humidities,  similar  examples  exi3t  with  high  humidities, 

3uch  that  the  comments  still  pertain. 

Figure  22  shows  two  distribut ions  from  a series  of  measurements  at  Dahlgren,  Virginia  »~n  the  banks 
of  the  Potomac  River.  Although  the  large  size  counts  are  nearly  identical,  the  smaller  particles  ore 
much  more  numerous  for  the  higher  humidity  case.  Wind  and  temperature  conditions  were  similar  for 
the  two  measurement  periods. 

Figure  23  shows  calculated  curves  for  extinction  coefficients  from  the  distribut ions  shown  in  Figure  22. 
Here,  the  curves  are  quite  different.  Note,  in  particular,  that  an  attempt  to  predict  the  IR  extinction 
from  a visibility  measurement  would  not  produce  satisfactory  results  for  both  cases;  i.e.,  the  ratios 
of  visible  to  IP  are  definitely  net.  the  same  for  the  two  cases. 

The  distributions  shewn  in  Figure  24  were  measured  at  a site  6 . 5kn  Inland  from  San  Clemente,  California. 
The  solid  circles  are  representative  of  the  typical  aerosol  we  measured  over  a two  week  period  on  a 
twenty  four  hour  basis.  The  circled  crosses  show  the  distribution  from  an  unusually  clear  day; 

Santa  Catalina  Island,  at  a distance  of  80km,  could  be  seen  clearly  A morning  fog  Is  responsible  for 
the  distribution  shown  by  the  diamonds.  Because  of  the  large  number  of  particles  beyond  the  limits 
of  the  counters  an  extinction  calculation  for  the  fog  case  would  not  be  accurate.  To  correct  this 
deficiency,  we  have  recently  added  a third  counter  will  extend  the  particle  size  range  tc  150  micrometers 
radius. 

The  two  distributions  shown  in  Figure  25  were  obtained  at  the  NRl.  Chesapeake  Bay  Division,  bOkm  east 
of  Vashington,  D.C.  The  circled  crosses  show  a dictribution  which  Is  typical  of  a clear  winter  day 
in  the  area . The  solid  circles  denote  a measurement  result  which  was  actually  obtained  from  a light 
fug,  even  though  the  distribution  1b  not  typical  of  other  fogs  we  have  measured.  The  primary  difference 
Is  the  lack  of  large  particles.  For  this  case  an  extinction  calculation  for  the  fog  would  not  be 
confronted  with  the  accuracy  problem  mentioned  before. 

The  distribution  comparison  shown  in  Figure  26  shows  two  winter  measurement  results  from  similar 
locations  60km  apart  on  the  Chesapeake  Bay.  These  are  presented  together  because  the  distributions 
cross  in  the  center,  making  the  difference  in  the  overall  slopes  obvious. 

Similarly,  the  extinction  coefficient  curves  shown  in  Figure  27,  derived  from  the  distribut Iona  in 
Figure  26  also  cross,  indicating  once  again,  the  difficulty  of  predicting  IR  extinction  from  visibility 
measurements  alone. 

3.  CONCLUSIONS 


The  purpose  of  presenting  this  paper  la  twofold:  One  is  to  show  the  widely  varying  shapes  a particle 
size  distribution  can  assume-- even  in  seemingly  similar  clear  air  condition®..  The  other  is  to  report 
to  the  community  that  wc  have  an  enormous  collection  of  aerosol  size  distributions  which  will  soon  be 
available.  These  distributions  were  obtained  over  a wide  variety  of  documented  conditions  in  different 
locations.  Hopefully,  these  date  wil*  prove  useful  in  the  validation  of  aerosol  models. 
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Figure  i.  Transmitter  staLlon  tor  Long  rath  Laser  Extinction  Measurements . From  Lett  to  Rignt : 

Office  Trailer  and  Meteorological  System  Electronics,  Vacuum  Pump  Trailer,  Optical  Trans- 
mitter Trailer,  Supply  Trailer. 
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Figure  2.  Schematic  for  Laser  Extinction  Measurement  Configuration. 
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Figure  3.  Comparison  of  Measured  Extinction  and  Calculated  Molecular  Absorption  for  22  DF  Laser 
F-equenciea . 
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Figure  5.  Operational  Schematic  for  the  HDO  Gas  Filter  Correlation  Spectrometer. 
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Figure  7.  Fourier  Transform  Spectrometer  Measurements  of  a Greybody  Source  Cupper  trace)  and  the 
Pl-£  DF  Laser  line  (lower  trace)  over  a 5.1  kn  Path. 
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Figure  £.  Comparison  of  I'aasurtd  DF  Lascr-Calilrated  Tranamlesion  Spectra  to  H’.-TSJCN  Calculations 


Figure  10  Coanariaon  of  Measured  and  Calculated  Traoealaeion  Spectra  of  a S.l  ka  Path  Between  2400 
ca'*-  and  2378  ca~l  for  12.0  torr  UjO  and  31  be  Visibility. 
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Figure  11.  Calculated  Transmission  of  a 5 km  Atmospheric  Path  for  12.0  torr  Partial  Pressure  of  1^0 
Excluding  a Water  Vapor  Continuum  Calculation. 
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Figure  12.  Experimental  Feek  Transmission  Values  Between  2000  cm  1 and  3200  cs'1  Derived  From  Long  Fath 
High  Resolution  Transmission  Spectra. 
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Comparison  of  Data  Shown  in  Figure  12  to  the  N2  Continuum  and  H2O  Continuum  Modelo  of  Burch, 
t a l (aee  text  for  reference). 
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Figure  14.  A Conparieon  of  Data  Shown  in  Figure  12  to  the  Contlnuua  Model  of  Burch,  et  al,  and  the 
HjO  Continuum  Model  of  Watklne  and  White  <eee  text  for  reference) . 
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Figure  15.  Mobile  Aerosol  Measurement  Laboratory  Schematic. 
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Figure  19.  Measured  Aerosol  Distributions  from  the  North  Atlantic  (circles)  and  the  Mediterranean 
(triangles)  Compared  to  the  Maritime  Aerosol  Model  Used  in  LOWTRAN  3b. 
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Figure  20.  Aerosol  Distribution  Measurements  Obtained  on  the  toast  of  Florida  lor  Diflsrent  Relative 
Hualdl  • and  Hind  Conditions. 
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Figure  21.  Extinction  Coefficients  for  Various  Wavelengths  Calculated  from  the  Data  Shown  In  Figure  20. 
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DISCUSSION 


R.A.McClatchey,  US 

Size  distribution  measurements  are  quite  difficult  to  perform,  especially  for  the  larger  particle  sizes.  How  were  the 
NRL  measurements  calibrated  and  how  much  confidence  do  the  authors  have  in  the  measurements? 

Author’s  Reply 

We  have  used  the  calibration  provided  by  the  manufacturer  in  all  cases.  In  the  past  wc  have  compared  calculated 
extinctions  with  simultaneous  measured  transmissions.  The  comparisons,  when  wind  direction  and  relative  humidity 
are  taken  into  account,  give  us  fairly  high  confidence  in  the  measurements. 


J.Abele,  FRG 

You  have  shown  the  large  fluctuations  of  the  aerosol  with  regard  to  concentration  and  size  distribution.  Do  you 
intend  to  include  turbulence  measurements  in  your  aerosol  measuring  programme  to  get  an  idea  of  the  magnitude 
of  the  fluctuations  by  correlating  turbulence  and  aerosol  measurements? 

Author's  Reply 

We  have  considered  measuring  the  turbulence  along  with  the  aerosols  but  have  not  yet  done  so. 
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Richard  B.  (Joiner 

US  Army  Atmospheric  Sciences  laboratory 
Electronics  Research  and  Development  Command 
White  Sands  Missile  Range,  New  Mexico  88002,  USA 


ABSTRACT 

United  States  and  NAl'O  Military  Forces  are  increasingly  relying  on  new  sophisticated  weapons  systems 
which  have  greater  range,  accuracy,  and  lethality  than  those  of  previous  wars.  Characteristic  of  most  of 
these  systems  is  their  dependence  on  electro-optical  (E-0)  sensors  which  are  stromly  influenced  by  the 
operating  atmospheric  environment.  Tncrefore,  it  is  extremely  important  that  the  effects  of  the  atmosphere 
(or  smoke  obscurant)  on  the  effectiveness  of  E-0  sensors  be  clearly  characterized  in  an  analytical  form 
that  permits  reliable  assessment  through  simulation  of  the  actual  E-0  sensor  field  performance. 

Both  natural  and  battlefield  induced  adverse  atmospheric  conditions  Impose  severe  limitation.;  on  the 
performance  and  battlefield  effectiveness  of  E-0  surveillance  and  weapons  systems.  There  are  limited 
programs  in  the  US  and  NATO  which  are  addressing  the  effects  of  countermeasures  (CM)  smoke,  natural  atmos- 
pheric dust,  fog,  haze,  rain  and  snow  on  E-0  systems.  These  efforts  which  are  beginning  to  provide  the 
information  needed  for  quantitative  answers  to  questions  concerning  natural  and  CM  smoke  atmospheric 
limitations  should  be  strengthened  and  better  coordinated.  There  is  also  a need  for  special  emphasis  in 
the  area  of  battlefield  induced  contaminants  (B1C),  since  this  area  is  not  now  being  adequately  addressed. 
BIC  refers  to  the  incidental  manmade  battlefield  aerosols  that  arise  as  a result  of  military  activities 
other  than  deliberate  employment  of  countermeasure  smoke.  Studies  have  shown  that  anthropogenic  dust, 
explosion  debris,  smoke  from  burning  wreckage  and  vegetation,  and  related  materials  can  seriously  impede 
tbe  use  of  E-0  systems.  In  some  cases  BIC  and/or  natural  adverse  weather  can  exceed  CM  smoke  in  ability 
to  disrupt  the  performance  of  E-0  weapons  systems. 

The  Atmospheric  Sciences  Laboratory  (ASI.)  has  an  ongoing  atmospheric  modeling  program,  supported  by 
laboratory  and  field  measurements,  aimed  at  characterizing  and  predicting  the  effects  of  battlefield 
aerosols  and  aases  on  the  effectiveness  of  E-0  sensors.  Details  of  this  program  and  an  overview  of  a 
supporting  measurement  work  effort  are  described  in  this  paper. 

1.  INTRODUCTION 


The  incorporation  of  electro-optical  (E-0)  sensors  into  modern  military  equipment  and  weaponry  has 
revealed  deficiencies  in  the  capability  to  predict  the  effectiveness  of  such  devices.  These  deficiencies 
are  greatest  for  low  visibility  conditions  resulting  from  either  adverse  weather,  the  deployment  of  smoke 
as  & screening  agent,  cr  battlefield  induced  contaminants  (BIC).  By  BIC  we  mean  the  incidental  anthro- 
pogenic battlefield  gases  and  particles  that  are  the  naiural  by-products  of  weapon  firings  and  explosions 
and  other  military  activities  other  than  deliberate  employment  of  countermeasure  smoke.  It  has  been  shown 
that  vehicular  dust,  explosion  debris,  smoke  from  burning  wreckage  and  vegetation,  and  related  materials 
can  seriously  impede  the  use  of  E-0  systems.  In  some  cases  the  adverse  weather  or  BIC  can  exceed  counter- 
measures smoke  in  ability  to  disrupt  the  performance  of  E-0  weapons  systems.  As  such,  in  order  to  optimize 
intelligent  decisions  concerning  design,  development,  procurement,  and  tactical  deployment  of  these  systems 
it  is  essential  that  all  battlefield  environmental  limitations  be  adequately  understood  on  a theoretical  or 
a sufficiently  substantiated  empirical  basis. 


The  scientific  community  has  much  information  about  the  natural  atmospheric  environment  but  not  all 
that  it  needs.  In  particular,  the  vortical  characteristics  of  clouds  and  fog,  etc.,  including  liquid 
water  content,  aro  not  sufficiently  known.  Furthermore,  the  climatology  data  which  exists  does  not  have 
sufficient  vertical  definition.  E\  on  so,  enough  is  known  to  answer  many  basic  questions.  For  battlefield 
environmental  conditions,  however,  there  are  some  important  unknown  areas  that  arise.  The  first  real 
difficulty  lies  in  simply  determining  what  a battlefield  aerosol  really  is.  It  Is  not  known  with  certainty 
what  materials  (gases  or  particulates)  will  be  present,  which  materials  or  optical  phenomena  have  the  most 
impact  of  E-0  systems,  or  which  contribute  only  minor  effects  in  terms  of  general  military  operations.  It 
is  known  that  the  size  distributions  of  vehicle  dust  and  high  energy  shell  impact  dus:  will  be  much  differ- 
ent from  those  of  known  natural  atmospheric  dust.  But  no  information  is  availrble  on  what  new  distributions 
to  expect,  or  the  impact  of  such  distributions  on  the  performance  of  imaging  systems,  BIC  will  have  a wide 
range  of  new  materials  present,  particularly  in  the  form  of  smoke  from  burning  equipment  and  vegetation. 
There  is  a potential  for  some  surprising  effects  in  the  area,  particularly  as  far  as  laser  propagation  is 
concerned.  Anthropogenic  dust  will  have  important  optical  properties  that  are  dependent  on  geographic 
locality  (soil  type,  for  example),  season  (soil  moisture)  and  meteorological  conditions.  One  of  the  most 
pressing  problems  in  atmospheric  optics  today  is  to  relate  the  aerosol  effects  on  the  battlefield  to 
measurable  meteorological  parameters.  BIC  may  pose  special  problems  In  establishing  these  relationships. 

It  is  not  feasible  to  measure  all  of  the  potentially  important  combinations  of  battlefield  aerosols  and 
measurable  meteorological  parameters.  One  must  progress  in  a way  that  systematically  samples  some  situ- 
ations and  then  extrapolates  and  interpolates  the  rest  through  a viable  modeling  program. 


Ihere  are  limited  programs  today  in  the  US  and  NATO  which  are  addressing  the  effects  of  countermeasure 
smo'.te  and  natural  adverso  weather  on  E-0  systems.  Thes6  efforts  are  beginning  to  provide  the  information 
needed  to  give  quantitative  answers  to  questions  concerning  natural  atmospheric  and  smoke  screening 
limitations.  These  efforts  should  be  strengthened  and  better  coordinated.  In  addition  there  is  a need  for 
special  emphasis  in  the  area  of  battlefield  environmental  conditions  since  this  area  is  not  now  being 
adequately  addressed.  The  problem  cf  assessing  the  impact  on  E-0  systems  of  battlefield  gases  and  aerosols 
whether  naturally,  u intentionally,  or  deliberately  produced  needs  additional  emphasi.  . This  paper 
presents  the  modeling  program  of  the  US  Army  Atmospheric  Sciences  Laboratory  (ASL)  and  associated  laboratory 
and  field  measurement  work  designed  to  help  provide  this  additional  emphasis. 
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L-0  systems  capabilities  are  closely  related  to  the  mesoscale  meteorological  parameters.  However, 
these  mesoscale  parameters  (observablos)  for  the  most  part  are  not  directly  applicable  to  E-0  systems 
performance  determination  (bonce  referred  to  as  secondary  EOMET  parameters).  These  data  need  to  be 
reduced  to  a meaningful  form  through  the  development  of  relationships  betwoen  bulk  meteorological  data 
affecting  h-0  systems  performance  and  microscale  atmospheric  meteorological  and  -jptical  parameters  used 
directly  in  the  modeling  of  atmospheric  effects  on  E-0  systoms  performance  determination.  The  micro- 
scale optical  and  meteorological  factors  used  directly  in  assessing  the  f-0  systems  performance  are 
referred  to  collectively  as  primary  hOMET . In  many  cases  the  mesoscale  weather  parameters  can  be 
predicted  (either  in  a probabilistic  or  deterministic  sense)  from  local  or  regional  weather  observations. 
However,  rigorous  connectives  between  secondary  EOMET  and  primary  I'.OMET  have  yet  to  be  demonstrated. 

Certain  connections  such  as  the  relationship  between  molecular  concentrations  and  molecular  line  absorption 
are  well  known  and  bavo  been  rigorously  validated.  However,  even  here,  differences  of  opinion  exist  as 
how  to  incorporate  most  efficiently  and  accurately  these  results  in  simple  modeling  codes.  For  other 
situations,  such  as  aerosol  haic  and  fog  conditions  frequently  encountered  in  Western  Europe,  many 
approaches  have  been  suggested  but  none  have  been  adequately  validated. 

In  response  to  the  requirements  for  a better  understanding  of  the  atmospheric  optical  environment 
expressed  at  the  Office  of  the  Director  of  Defense  Research  and  Engineering  (ODDRfiE)  Atmospheric  Workshop 
in  December  1976  [0DDR6E,  1976]  and  by  the  Joint  Depities  for  Laboratories  Committee’s  Night  Vision  Tech- 
nology Panel,  the  Tri-Service  Atmospheric  Optics  Working  Croup  developed  a strategy  plan  [US  ARMY  ERADCOM, 
1977]  for  the  development  and  validation  of  a library  of  algorithms  and  computer  codes  that  describe  the 
atmospheric  effects  on  E-0  sensors.  The  computer  modeling  portion  of  this  approach  for  the  US  Army  is 
already  underway  in  the  ASL  in  the  effort  entitled  "Eloctro  Optical  Sensor  Atmospheric  Effects  Library 
(E-0  SAEL)".  The  objective  of  the  ASL  E-0  SAEL  program  is  the  development  and  validation  of  an  oper- 
ational propagation  code  or  library  of  codes  for  the  accurate  representation  of  the  effects  of  atmospheric 
aerosols/g&ses/BIC  on  the  effectiveness  of  E-0  sensors.  These  codes  will  accept  secondary  EOMET 
(measurables)  parmeters  and  produce  information  needed  for  the  assessment  of  the  effectiveness  of  E-0 
sensor  performance  under  projected  battlefield  environmental  conditions.  This  work  is  providing  to  the 
US  and  NATO  the  atmospheric  effects  description  of  the  gas  and  aerosol  limitations  on  E-0  weapons  systems 
and  identifying  the  knowledge  and  data  deficiencies  that  prevent  adequate  modeling  of  E-0  systems 
performance.  The  E-0  SAEL  models  naturally  lead  to  field  and  laboratory  experimental  work  required  to 
fill  data  base  deficiencies. 

The  problem  itself  is  extremely  complex.  It  requires  the  sorting  out  of  a large  number  of  related 
problems  (composition  and  sire  distributions  of  aerosols,  combustion  products,  gaseous  components, 
explosive  debris,  synergistic  effects,  geographic  variation,  meteorological  conditions,  etc,).  A strictly 
empirical  approach  of  performing  field  tests  for  all  potential  environmental  and  battlefield  conditions 
is,  of  course,  impractical.  Consequently,  a balance  between  empirical  and  theoretical  approaches  is 
considered  in  order.  Field  tests  and  laboratory  studies  will  be  particularly  useful  in  developing 
computerized  atmospheric  propagation  models  for  E-0  systems  applications. 

Long-term  field  activity  cannot  be  planned  with  high  degree  of  detail  because  measurements  needed 
in  one  time  frame  are  going  to  depend  on  wnat  was  learned  just  a few  months  earlier.  However,  ASL  is 
planning  FY7S-79  activities  aimed  at  measuring  particle  size  distribution  and  transmission  effects  of  two 
of  the  obvious  battlefield  dust  constituents:  explosion  debris  and  vehiculai  dust.  Analysis  of  these 
data  will  establish  the  need  and  extent  of  further  measurements.  As  FY78  data  becomes  available 
preliminary  models  will  be  constructed  (using  data  available  from  other  sources  as  well).  These  models 
will  then  be  tested  in  more  general  situations. 

A variety  of  individual  atmospheric  effects  models  (algorithms , computer  codes  or  data  sets)  is  in 
existence  and  in  use  to  some  extent  within  the  E-0  community.  Major  deficiencies  have  been  identified 
as  currently  existing  in  these  models  (hat  seriously  limit  their  applicability  for  F.-O  sensor  performance 
analysis.  The  most  apparent  shortcomings  for  the  most  widely  used  models  are  the  following: 

(1)  The  models  have  not  been  subjected  to  broad  experimental  reviews  to  validate  their  apoi icabillt les 
for  desired  analysis  tasks.  In  addition  none  addresses  the  question  of  the  effect  of  BIC  on  the  performance 
of  E-0  systems. 

(2)  For  the  most  part,  detailed  sensitivity  analyses  to  determine  the  sensitivity  of  input  parameters 
to  output  predictions  have  not  been  undertaken, 

(3)  The  most  widely  used  model,  i.e.,  LOWTRAN  [Sr.LBY,  1978]  is  currently  used  for  both  gaseous 
absorption  and  natural  aerosol  scattering  propagation  predictions.  There  currently  exists  serious  concern 
in  the  model  user  community  as  to  the  validity  of  the  aerosol  portion  of  the  model  for  application  to  low 
visibility  atmospheric  paths.  On  the  other  hand,  the  gasoous  absorption  portion  of  LOWTRAN  for  the  visible 
and  infrared  spectral  regions  appears  suitable  for  current  technology  E-0  sensors  calculations.  Thore  is, 
however,  the  question  as  to  the  validity  of  LOWTRAN  gaseous  absorption  calculations  for  the  advanced  FLIRs 
where  transmission  well  below  10%  must  be  accurately  predicted.  In  addition  the  spectral  region  is  generally 
igm  -ed  above  30  micrometers,  at  least  from  a practical  analysis  standpoint,  and  the  LOWTRAN  procedure  is 
not  valid  for  spectral  resolutions  finer  than  20  cm 

The  version  of  E-0  SAEL  which  will  addross  these  deficiencies  will  consist  of  a library  of 
validated  atmospheric  optics  models  which  can  be  used  with  confidence  in  predicting  the  atmospheric  effects 
on  the  performance  of  E-0  systems  for  Army  missions  throughout  the  world.  The  initial  phase  of  this  inves- 
tigation (interim  version  of  F.-0  SAEL)  will  focus  on  meteorological  conditions  and  empirical  relationships 
which  produce  lower  bounds  on  E-0  system  performance  for  missions  in  the  European  theater.  Since  the 
system  limitations  here  aie  strongly  related  to  aerosol/smoke  attenuation/obscuration,  these  phenomena 
will  receive  primary  emphasis.  The  final  objective  of  this  preliminary  investigation  to  bo  concluded  by 
4QFY79  is  to  provide  the  user  with  a single  source  library  (interim  E-0  SAEL.)  which  can  provide  an 
appropriate  validated  atmospheric  optics  model  for  his  particular  application.  Later  phases  of  the  inves- 
tigation will  consider  a wider  range  of  theaters  and  optical  effects. 
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3.  DESCRIPTION  OF  BATTLEFIELD  ATMOSPHERIC  ENVIRONMENTAL  EFFECTS  ON  E-0  SYSTEMS 


We  shall  now  describe  those  measurements  which  are  necessary  for  th  determination  of  the  initial  input 
parameter-  for  modeling  the  batt’efield  atmospheric  environmental  effects  on  E-0  systems.  In  all  cases 
where  f*  ible  the  following  climatology  should  be  recorded:  unconditional  probabilities  (Frequency  cf 
occurred  percentages) , conditional  probabilities  (recurrence)  and  persistency.  Time  scales  should  include 
time  periods  of  an  hour  or  less.  The  discussion  will  follow  the  flow  chart  given  ny  Figure  i. 

The  sources  of  atmospheric  obscuration  can  be  placed  into  two  categories:  those  arising  from  nature  1 
sources  (natural  weather)  and  those  arising  from  man's  Interaction  with  the  environment  (anthropogenic 
sources).  Molecular  absorption  pile’  -ii.cna  for  the  natural  weather  category  will  not  be  discussed  because, 
for  till  most  pait,  existent  moods  provide  adequate  answers  and  lienee  require  minimal  model  development. 

3.1  Natural  Sources  of  Obscuration 

We  shall  distinguish  between  cases  or  relatively  high  visibility  for  E-0  systems  (V>_  5 km)  and  cases 
of  relatively  low  visibility  (V  <S  km)  in  order  to  deal  separately  with  the  problems  of  1 igl.t  haze  and 
generally  bright  skies  on  the  one  hand  and  very  hazy  or  foggy  conditions  on  the  other  hand. 

3.1.1  High  Visibility 

Jf  we  consider  generally  sunny  or  bright  days  or  clear  nights  with  light  haze  and  discrete  clouds, 
then  it  is  necessaty  to  develop  so-called  haze  models,  cloud  models,  and  turbulence  models. 


(1)  Haze  Models 

Models  used  for  characterizing  atmospheric  haze  need  measurements  of  the  spectral  optical  thickness 
spectral  optical  depth  versus  altitude  and  the  volume  scattering  and  volume  extinction  coefficients.  In 
addition,  one  should  also  have  estimates  of  the  complex  refractive  index  or  composition  of  the  aerosols 
and  the  particle  number  density  distribution. 

(2)  Turbulence  Models 

Because  tuibulenc.e  eddies  exist  in  the  atmosphere,  radiation  does  not  propagate  along  straight  lines 
but  wander-  along  the  path.  This  large-scale  effect,  along  with  the  small-scale  effects  of  scintillation 
and  image  distortion,  neccssi-ates  the  measurement  of  the  coefficient  of  teiiipet ature  fluctuation  (C_)  in 
the  atinospnere.  These  measurements  should  he  performed  as  a function  of  time  of  day  and  altitude  fir 
various  haze  and  cloud  conditions. 

(3)  Cloud  Mode) s 

Clouds  which  are  finite  in  size  can  alter  the  radiation  field  in  the  atmosphere.  In  addition,  there 
is  some  correlation  between  cloud  type  and  haze  condition.  Measurements  arc  needed  to  determine  the 
spectral  optical  th'rknnss,  water  content,  size,  altitude,  temperature,  and  types  of  clouds.  A measure- 
ment of  these  parameters  will  enable  modelers  to  calculate  the  scattering  and  emission  properties  of 
clouds. 

3.1.2  Low  Visibility 

For  atmospheres  of  law  visibility  (V  <5  km)  more  d. tailed  measurements  are  necessary  because  of  the 
greater  numoer  of  variables  and  inhomogeiiieiies  affecting  the  optical  observations.  Me  car.  generally 
categorize  these  atmospheres  into  two  states:  (1)  stable  weather,  i.e.,  those  conditions  which  are 
characterized  by  steady-state  conditions,  and  (2)  unstable  weather,  i.e.,  those  conditions  represented 
by  rapidly  changing  weather  such  as  variable  wind  and  storms. 

(1)  Stuble  Weather 

Stable  weather  can  tc  divided  into  two  classes:  one  which  is  characteristic  of  moist  or  humid 
conditions  and  one  which  is  representative  of  dry  conditions. 

(a)  Moist 

Moist  weather  vS.i  also  be  subdivided  into  two  classes:  prec  pitating  and  suspended.  Frecipitat ing 
conditions  are  represented  by  rain,  sn  «,  sle^t  and  hail  anJ  require  transmission  measurements  as  well 
as  measurement s of  total  rate,  e.g.,  in  gra/cm  -sec  along  with  size  and  temperature  of  the  particles. 
Suspended  conditions  arc  represented  by  fog,  mist,  arid  haze.  For  this  case  measurements  are  needed  of  the 
spectra.’  optical  thickness,  spectral  optical  depth  versus  altitude,  and  volume  scattering  and  volume 
extinction  coefficients,  the  single  scattering  phase  function,  the  particle  number  density  distribution 
and  the  complex  refractive  index  of  the  particles.  In  addition,  it  would  be  desirable  to  measure  the 
liquid  water  column  density  or  mass  column  density.  All  of  these  measurements  should  te  made  at  various 
altitudes  in  order  to  obtain  i.  vertical  profile  of  each  parameter. 

(b)  Dry 

Dry  weather  can  be  character ized  by  the  lack  of  water  vapor  and  liquid  wafer  in  the  atmosphere. 
Representative  examples  Include  dry  haze,  dust,  and  siuoke.  In  order  to  oouel  such  conditions  it  is 
necessary  the l measurements  be  made  of  the  spectral  optical  thickness  and  all  of  the  other  parameters 
which  arc  measured  i-.t  the  case  of  moist  suspended  conditions  with  the  exception  of  liquid  wa*er  content  . 
In  addition,  the  temperature  of  the  smokes  should  be  measured. 
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(2)  Unstable  Weather 

Unstable  weather  can  be  characterised  by  rapidly  changing  conditions.  Generally,  moist  and  dry 
conditions  also  exist  here  as  in  the  stable  weather  conditions. 

(a)  Moist 

Moist  weather  is  represented  by  violent  activity  such  as  hurricanes,  cyclones  and  blizzards. 

General  measurements  include  the  size  or  extent  of  the  storm,  pressure  variations  and  wind  speed. 

(b)  Ury 

Dry  weather  is  represented  by  dust  storms  and  dust  devils.  As  in  the  moist  condition,  measurements 
shoulu  be  made  of  the  size  or  extent  of  the  storm,  pressure  variations,  and  wind  speed. 

3.2  Anthropogenic  Sources  of  Obscuration 

We  shall  now  consider  sources  ef  atmospheric  obscuration  resulting  from  human  intervention  with  the 
environment.  There  are  two  classes  of  these  sources:  those  arising  from  inadvertent  modification  of 
the  atmosphere  and  those  arising  from  deliberate  interaction  with  the  environment. 

3.2.1  Unintentional 

In  the  category  of  unintentional  sources  of  environmental  modification  we  consider  gases,  particular  , 
and  thermal  gradients  resulting  from  non-combat  related  anthropogenic  sources  (industries,  cities,  etc.) 
and  BIG. 


(1)  Gases 

tx'raneous  gases  are  often  introduced  into  the  atmosphere  as  a result  of,  for  example,  exhaust  emission 
from  vehicles,  debris  from  explosions,  and  combustion  processes.  The  concentrations  and  types  of  the 
gaseous  products  should  be  measured. 

12)  Particulates 


Extraneous  particulates  »f«  often  introduced  into  the  atmosphere  a result  of.  for  example,  bombs  or 
bombardment  of  tiic  iciialn,  exhaust  viissicn,  ssskc  frczi  fins,  vehicular  dust,  and  explosion  debris 
Measurements  should  he  made  of  the  spectral  optical  thickness  of  the  medium,  the  volume  scattering  and 
volume  extinction  coefficients,  the  complex  refractive  index  of  the  particulates,  and  the  size  distribution 
(to  include  number  densities  or  mass  concentrations). 


(3)  Thermal  Gradients 

Thermal  gradients  arise  from  populated  areas  ss  a result  of  space  heatGig,  industrial  activity,  and 
vehicles.  Major  sources  of  local  thermal  gradients  on  the  battlefield  include  burning  vehicles,  high 
energy  explosions,  etc.  This  inadvertent  heating  of  the  environment  can  alter  the  optical  properties  of 
the  atmosphere.  As  a result,  it  is  necessary  that  one  measure  the  temperature  and  wind  velocity  as  a 
function  of  time  in  areas  immediate  to  the  sites  of  interest. 


3.2.2  Deliberate  (Screens) 


countermeasure  tac.ics. 


introduced  into  the  etmo.'-phere  in  s deliberate  manner  such  ■ i in 


(1)  O^ses 

Gases  may  be  deliberately  injected  into  tho  utmosphei  ic  mediuv.  Their  type,  concentration,  and 
dispersive  charact:  .'  should  be  known  or  sea  sored. 

(2J  Particulatnj 

Particulates  lti>  include  dust,  foam,  hubbies,  etc)  may  also  fc-1  deliberately  injected  into  the  atmos- 
phere as  a countermen suie  tactic.  This  could  be  accomplished  by  smoke  munitions  or  intentions,  i wn 
bardaent  of  tho  terrain.  The  refractive  index,  size  distribution  and  concentration  of  particul-  tvs 
should  be  measured  as  ul’  ns  the  volume  scattering  am)  volume  extinction  coefficients  of  the  mertzum  as 
a function  ot  time  and  location. 


4.  RtbATlWll-iiPS  OP  MEASUkhMblTS  TO  liUUEL  WERTAIfiTlLS 


Hit-  matrices  shown  in  Figures  2 and  3 illustrate  the  close  relationships  between  the  E 0 SAEL  critical 
modeling  uncertainties  and  associated  measurements.  The  letter  Li  each  aatris  position  indicates  the 
priority  k particul/r  icsorement  is  assigned  for  solving  a particular  modeling  problem,  F.,  as  a matrix 
oleaont  indicates  ihz*  C : -^n-w.czmt  is  absolutely  easenti.il  for  the  Biieling  effort.  E,  indicates  a 
measurement  waich  is  highly  visit i able.  U indicates  wsoiu.  types  ef  nets,  such  as  long-path  spectral  trar.s- 
mission  and  path  radiance,  for  uxjuvTe,  which  provide  useful  liny  information  for  aerosol  growth 
modei  verification.  Blank  spaces  indicate  the  wsimr.-.t  is  o.  v nor  value  or  irrelevant  for  eddiosticg 
that  particulm  model  uncertainty. 


Figure  2 shows  the  relevant  modeling  uncertainties  and  as*on,-lcd  measunemiiti  zorp.ired  for  E-0 
modeling  of  n.  turally  occurring  atmospheric  attenuation,  nlthouih  the  entries  in  pstrix  ir-di  ehc 

valje  oi  various  n.jasureme,;L  techniques  there  are  many  subtle  copsldei.'tlc.is  which  cannot  bo  repret.-i.ieil 
in  this  simple  format  For  example,  In  order  to  model  the  altitude  dependence  of  aerosols  the  blDAR  c»n  be 
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a valuable  tool.  However,  LIDAR  data  is  presently  difficult  to  interpret  and  answers  only  part  of  the 
problem  On  the  other  hand,  balloon-borne  point  sampling  measurements  can  provide  valuable  information  on 
aerosol  altitude  dependence.  However,  this  type  of  measurement  is  difficul'  logistically  and  relatively 
slow  in  collecting  data.  The  measurement  techniques  selected  oust  also  ue  consistent  with  the  current 
modeling  status.  For  example,  although  models  can  be  used  to  attack  fundamental  problems  of  aerosol 
growth,  the  direct  size  distiibution  sampling  is  pr. "erred.  Once  lc; al  aerosol  growth  models  have  been 
developed  it  may  be  more  advantageous  to  use  a I.iOAk  ae.-.sure/rtnt  to  collect  large  statistical  samples  of 
aerosol  spatial  distributions. 

The  relationships  between  the  modeling  and  measurements  required  for  modelin.”  BIC  characterization 
are  illustrated  in  Figure  3.  The  problems  here  are  somewhat  differen-  from  those  with  the  naturally 
occurring  aerosols  since  BIC  consists  of  a much  more  diverse  range  of  luaterials  generated  by  multiple 
point  sources.  Most  aerosols  arising  from  nature’  ourcc.  are  relatively  homogeneous  in  contrast  to 
aerosols  arising  from  anthropogenic  sources  which  t localized  and  result  in  smoke  or  dust  plumes 
which  have  lurge  spatial  and  temporal  variations,  because  of  this  atmospheric  mixing,  it  is  even 
difficult  to  obtain  source  mass  release  rates  foe  such  aerosols  as  battlefield  smokes  and  vohic -e  dust 
clouds.  BIC  modeling  is  in  a very  primitive  state.  Thus,  the  emphasis  ir  the  near  term  should  probably 
be  to  get  quick  results  to  bound  the  seriousness  of  vari..'  s anthropogenic  sources  and  guide  detailed 
measurements  and  modeling.  The  BIC  modeling  in  some  e.,s  aiso  requires  unique  measurement  capabilities 
as  compaied  to  other  conditions.  In  these  cases,  it  may  S?  desirable  to  utilize  advanced  remote  measure- 
ment techniques  similar  to  those  being  developed  for  pollution  monitoring  problems.  These  methods  night 
include  the  development  of  new  measurement  techniques,  such  as  molecular-sensitive  LIDAR,  or  improved 
analysis  for  current  instrumentation,  such  as  development  of  automatic  analysis  programs  for  Fourier 
Transform  Spectrometer  (FTS)  data. 

5.  CURRENT  EFFORT 

The  ASL  has  an  ongoing  atmospheric  effects  modeling  and  raeusurem^'v  (.i-.giam,  cstabl  hed  several 
years  ago,  with  general  objectives  to  fuither  develop  thz  capability  tc  c-edict  the  effOv  s of  battle- 
field environments  on  b-0  systems.  Models  have  been  developed  v.iicf  Hid.-.wi  the  ats,' spheric  effects  of 
absorption  and  scattering  in  a comprehensive  manner  Ti-quinng  as  \'tpc*  derailed  ki  .vi6.ige  of  the  physical 
and  optical  properties  of  the  particular  aeroscl/gas  oats.  These  codt-,  : opivsbOf  the  1 1 a:  c-of -thc-art 
in  radiative  transfer  and  atmospheric  transmission  model  int;  and  range  in  scone  <">'  m Mi -die  C,<r’c  multiple 
scattering  codes  to  specialized  band  models  for  the  treatment  of  mo'ocular  absorpt - m s/m!  /aerosol 
obscuration  models.  The  ASL  can  perform  1 me-by -1  ine  spectial  rzK  jlu' ions  o'  molecular  absorption 
utilizing  Lorentzian,  Doppler,  col  1 isional  ly-narrowed,  voiy.t  gen.sai  ..ed  "nigt  I : n - Results 

have  neen  published  m these  am)  other  areas,  such  r.  vre  h.ovl'r.i ’g  r.'  >)■«•  TO,  'll  molecular 

system  calculated  from  hasic  scmiqoantal  tneo^y  and  .-?*  «ct  «.i  fo i -.its  ioi  • i,z  x.V  szijp  line 

shape  computation  (GOMEZ,  ec  al.,  1975;  1977,  1S78;  !i'J iDA-E.  t rl..  19/,.,  >7?  ' ■ IT/',  (.»  ..I  , 19.  r; 
PIERLUI5S1,  et  al..  1975,  1976,  1977,  197EJ.  The  tic:  ih.t  t'..:  /£’.  ><.i  c v-.-oi.g  cowp.uwCncury  program  in 
the  measurement  and  characterization  oi  aetcscl  and  t:-lr.cj.<».:  shac/pt'c*.  -vo/ertles  has  aided  the  modeling 
work  considerably. 

6.  MODELING  PROGRAM  STRATEGY 


Althougn  the  gathering  and  archiving  of  EOKET  dati  J*  • ct.emely  Imortant,  it  is  not  ac  «r,d  in  itself. 
For  one  thing,  observable  meteorological  parameters,  for  f.-i  > '1  Part,  are  secondary  f.OMLT  p/<i arete rs 
which  are  not  directly  applicable  to  F 0 system  performance  uet c-nnst ioi. . These  data  l.^ed  to  be  reduced 
to  a meaningful  form  through  the  de  elopment  of  relationships  between  bull  observations  and  primary  EOMLT 
parameters  directly  affecting  E-0  sysrnn  performance.  The  development  of  models  to  provide  tins  link 
between  systems  performance  and  atmospheric  ob:C’"'ables  is  widely  recognized  by  numerous  groups  as  the 
necessary  key  to  successful  exploit  at  icr.  of  E-0  r.yv’z  *-  technology.  This  requirement  has  surfaced  in 
recommendations  by  Tr: -Service  homing  Groups  such  as  tr.i  E-C  Sensor  Atmospheric  Optics  and  ."..frospherir 
Propagation  Working  Group''  (CS  ARMY  ERADCOM,  1977j  as  well  as  in  the  rez.nl  0DPRS1  so’  Remote  Se’  :ng 
of  the  Boundary  Layer  Workshops  (ODURGE,  1976;  ROHNKE,  1977],  Models  also  provice  reqc- . "enenvs  yi.  accuracy 
and  resolution  of  field  measurements  and  insure  that  measurements  are  not  willy-, silly  bo.  actually  contri- 
bute to  our  phenomenological  undci standing  of  the  atmospheric  effects  on  the  peri srmanre  p.’i  effect i veness 
of  the  E-0  weapon  or  communication  sy terns. 

The  detailed  input  requirements  ol  the  comprehensive  research  atmospheric  radiative  transfer  models 
are  rarely  available  in  a battlefield  environment.  Only  secondary  ECWET  parameters  may  be  available. 

Hence,  current  modeling  and  measurements  efforts  at  the  ASL  aim  to  develop  methods  to  link  these  secondary 
ECMtT  parameters  to  E-0  system  performance.  The  success  of  these  efforts  will  allow  optimization  of  sensor 
deployment  and  tactics  for  various  weather  and  battlefield  environments  in  different  scenarios. 

The  approach  is  dependent  on  wei 1 -documented  climatological  date  wV.ch  is  currently  crude  or  non- 
existent. Time  scsies  in  the  order  of  three  hour  periods  are  unaccepta: le  ii  battles  are  wen  or  lost 
in  an  hour  or  less.  With  the  available  or  near-term  modem  technology,  this  will  probably  bo  the  case. 
Hence,  better  climatology  is  needed.  Mo»t  of  the  currently  available  historical  measurements  do  not 
telate  to  specific  E-0  requirements.  This  needs  to  change.  The  current  effort  addresses  these  problems. 

The  current  program  stra  jgy  a’so  involves  the  development  of  Rn  interim  E-0  atmospheric  effects  rode 
or  codes  based  largely  on  measurements.  Mesturements  are  planned  to  allow  ’brute  force"  methods  to  be 
used  to  provide  adequate  results  within  a reasonable  time  frame.  Advanced  versions  of  E-0  SALE  will  be 
dependent  or  the  aore  fruitful  but  higher  risk  technology  of  effectively  parameterizing  primary  EOMFT 
data  to  achieve  the  desired  engineering  solution.  Ihls  approach  will  run  in  parallel  with  the  "brutv 
force"  approach.  Hence,  more  field  and  laboratory  measurements  will  be  needed. 

E-0  SAEL  codes  will  bo  modular,  simple  and  understandable,  adaptive,  easy  to  control,  complete 
in  important  matters,  and  easy  to  coimrunicate  with.  They  will  bridge  the  gap  between  the  specialist  in 
atmospheric  optics  and  the  operational  user  of  these  techniques.  This  is  necessary  if  there  is  to  be 
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u constructive  exchange  of  information  between  user  and  modeler,  which  is  needed  to  meet  the  Army's  t 

requirements  in  this  area,  f 

Since  the  modeling  of  the  aerosol  extinction  is  one  of  the  highest  priorities  in  the  findings  of  the  * 

recent  ODDRfii.  Workshop  (ODDRfiE,  1976],  we  need  measurements  of  the  spatial  and  temporal  variations  of  1 

aerosol  properties  to  Include  the  explicit  dependence  of  the  aerosol  on  relative  humidity  and  w.nd.  ( 

Current  aerosol  models  generally  vary  only  the  total  number  density,  keeping  the  shape  of  the  particle  * 

site  distribution  and  its  composition  invariant  with  altitude  [SHFTTLE,  1976],  This  has  to  change  because 

in  the  real  world  all  three  quantities  may  vary.  Hence,  undci  present  plans,  good  surface  level  aerosol  . 

measurements,  as  well  as  cortical  profiles  will  be  made. 

Currently  models  are  being  applied  to  determine  the  magnitude  of  error  which  can  be  tolerated  for 
each  of  the  EOMET  parameters.  This  sensitivity  analysis  will  provide  preliminary  guidelines  foi  further 
field  work.  Aside  from  the  natural  aerosols  such  as  fog  and  haze,  the  current  modeling  effort  addresses 
white  phosphorus  smoke.  Other  smokes  will  he  addressed  later.  In  particular,  models  are  being  used  to 
determine  the  characteristics  of  the  atmosphere  which  will  be  useful  in  predicting  the  effects  of 
variable  atmospheres  on  the  performance  of  E-0  sensors  undor  conditions  of  low  visibility.  The  first 
step  in  this  procoss  is  establishing  critoria  for  assessing  and  evaluating  algorithms  as  to  their  utility 
and  accuracy  for  E-0  SAEL.  Having  established  tho  criteria  which  existing  algorithms  and  codes  must  hove 
in  order  to  be  incorporated  into  tho  proposed  E-0  SAEL,  it  will  then  be  necessary  to  acquire  all  models 
which  are  available  and  exercise  the  computer  codes  to  such  an  extent  that  their  raogos  of  validity  are 
delineated.  The  current  spectral  region  of  interest  is  fro®  the  visible  to  4mm  to  include  the  particular 
lasers  Nd,  TAG,  (XL , DF,  HE,  and  GaAs.  The  spatial  scale  over  which  the  models  should  be  valid  is  of  the 
order  of  3 to  S kilometers  in  the  horizontal  direction  and  below  5 km  altitude  and  the  stato  of  the 
atmosphere  should  he  characterized  generally  hy  a visibility  less  than  S kilometers. 

Decreased  visibility  is  caused  by  a variety  of  conditions:  fog,  dust,  smoke,  and  hazes  of  different 
kinds;  and  not  all  models  can  be  expected  to  account  for  all  of  these  conditions  for  the  entire  spectral 
region  considered.  It  will  therefore  be  necessary  to  identify  the  "gaps"  which  exist  and  are  not  covered 
by  existing  models.  Suggestions  will  then  he  made  either  to  modify  the  current  models  or  to  develop 
new  models  In  order  to  provide  the  capability  which  is  needed  for  inclusion  into  the  E-0  GAEL. 

A conceptual  illustration  of  how  E-0  SAEI,  might  be  configured  is  shown  in  Figure  4.  The  executive 
routine  may  consist  of  the  code  that  communicates  inputs/outputs  (I/O)  wit),  the  user  as  well  as  control 
the  call-up  and  I/O  flow  of  the  subroutines. 

7.  CLOSING  REMARKS 

The  ASL  plan  includes  near-tei.m  and  long-term  activities  aimed  at  understanding,  quantifying,  and 
predicting  the  battlefield  environmental  effects  on  E-0  systems.  The  nsar-term  work  will  include  two  of 
the  obvious  battlefield  constituents:  explosion  debris  and  vehicular  dust.  This  work  will  provide  the 
beginning  of  some  of  the  answers  to  the  modeling  problems  mentioned  earlier,  and  3ons;t;vitv  analysis 
calculations  made  on  the  data  will  establish  the  need  and  extent  of  further  measurements.  As  data  become 
available,  preliminary  models  will  be  constructed  by  using  data  available  from  various  sources.  It  will 
tnen  be.  .accessary  to  test  these  models  in  situations  more  representative  of  the  complex  situation  expected 
under  European  batt'eficV  conditions.  Further  work  will  be  required  to  address  the  geographic  dependent 
problems. 

Field  measurements  aid  model  validation  work  will  move  from  specific  field  situations  (such  as  fog) 
tu-«rd  mote  complex  case-.  The  near-term  goals  a^c  to:  (l)  develop  and  validate  interim  E-0  SAEL,  (2) 
characterize  the  battlefield  environment  and  identify  the  data  gaps,  (3)  establish  atmospheric  charactei - 
Ration  vd  transmission  technological  data  bases  with  mobile  measurement  capabilities,  and  (4)  establish 
a climatological  data  and  modal  base.  The  long-term  goals  include:  (i)  development  of  advanced  b-C  SAELs, 

(2;  validation  of  models,  (3)  development  of  advanced  atmospheric  sensors  and  remote  sensing  techniques,  1 

(a,  .lib)  Ration  ev  m.nuals  and  handbooks  in  atmospheric  optics,  and  ( 5 } development  of  c prototype  system 
fin  tactical  use  of  f;~0  SALE.  To  do  this,  the  ASL  E-0  atmospheric  transmission  program  divides  into  four 
ciior  eff'  . each  with  its  own  objective  and  approach  as  outlined  below, 

7 1 KA  if"i  LI  TORI : Cl  (MATO  LOCI' 

7.1.1  Objectives:  ; 

(1)  To  ucqui.e,  analyze,  store,  retrieve,  and  disseminate  information  on  primary  and  secondary 
EOMET  parameter.*  wh.ch  constitute  adverse  atmospheric  conditons  for  E-0  systems 

(2)  To  deveiop  probabilistic,  statistical  climatology  models  for  adverse  weather  and  EOMET 
parameters  for  u«  < i design  and  evaluation  of  tactical  E-0  systems. 

(3)  To  ide  f*fy  data  gaps  and  model  deficiencies,  and  initiate  means  to  bridge  these  gaps  and 
correct  these  dfii  :iencles. 

(4)  To  pre/.de  a consultant  service  to  internal  and  external  users. 

7.1.2  App roach: 

(1)  Survey  repositories  (personal,  national  and  international)  climatological  data  to  determine 

the  extent  and  availability  of  the  data.  > 

(2)  Categorize  the  data  according  to  the  adverse  effects  on  the  operation  of  the  dominant  tactical  ] 

E-0  systems. 

(3)  Develop  a oata  and  model  base  for  the  frequency  of  occurrence  and  the  recurrence  probability 

—far  atmnsulierR  conditions  related  to  models  of  tho  atmospheric  aeiosoi. 
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1^4}  Computerize  tiie  data  bank. 

(5)  Identify  data  gaps  ar.d  model  deficiencies  and  implement  action  to  correct  these  problems 
through  in-house,  contract,  or  grant  research. 

(0)  Provide  information  summaries  to  both  internal  and  external  users. 

7 . 2 MAJOR  EFFORT ; MODELING 

7.2.1  Objectives: 

(1)  To  develop  the  capability  of  predicting  atmospheric  tiansmission  under  battlefield  conditions 
within  the  spectral  region  from  tne  visible  to  the  milllmatcr  as  a function  of  user  or  research  Input 
elements  (c.g.,  wavelength,  temperature,  pressure,  visibility,  atmospheric  path,  etc.). 

(2)  To  model  the  atmospheric  aerosol  and  gases  to  include  BIC  to  provide  input  to  transmission 
and  radiative  transfer  models. 

(3)  Address  other  modeling  requirements  Such  as  turbulenco,  smoke  obscuration,  and  transport 
and  diffusion  models. 

7.2.2  Approach: 

(1)  Establish  an  initial  predictive  capability  to  provide  transmission,  transport  and  diffusion, 
radiation  transfer,  smoke  obscuration,  und  turbulence  predictions  based  on  a sts.te-of  the-art  assemblage 
of  information  and  existent  models. 

(2)  Based  on  prototype  transmission  and  -adiative  t -snsfer  models,  initiate  model  improvements 
to  address  adverse  weather,  countermeasure  smokes,  and  3IC. 

(3)  To  reiate  user  input  elements  (ir.easumbies)  to  those  required  by  the  analytical  transmission, 
turbulence,  smoke  obscuration,  transport  and  diffusion,  and  radiative  transfer  models. 

(4)  Develop  and  taiior  the  aerosol  and  gaseous  models  to  provide  the  input  inforr'ation  required 

by  transmission,  smoke  obscuration,  and  radiative  transfer  models  fo^  realistic  battlefield  environments. 

(5)  Determine  the  minimum  measurement  requirements  for  a realistic  user  model  'minimum  set  of 
measurabies) . 

(0)  Acquire  and  xercise  turbulence  and  transport  and  diffusion  model*  for  addressing  the  smoke 
obscuration  problem. 

(7)  Evaluate  and  validate  the  models  by  utilizing  laboratory  und  field  studies. 

7 . 3 MAJOR  EFFORT:  LABORATORY  MEASUREMENTS 

7.3.1  Objectives: 

(11  To  measure,  under  controlled  laboratory  conditions,  those  characteristics  of  the  battlefield 
gases  and  particles  which  affect  the  propagation  of  EM  energy  (in  the  spectral  region  from  visible  to 
millimeter  wavelengths). 

12)  To  measure,  under  controlled  laboratory  conditions,  the  interaction  of  EM  energy  (in  the 
spectral  region  from  0.3  to  4000  micrometers)  with  vailnus  types  of  the  atmospheric  aerosols  and  gases 
found  in  battlefield  environments, 

7.3.7  Approach: 

(1)  Specify  those  grseous  and  particulate  components  of  the  atmosphere  and  BIC  which  sign' f lcantly 
affect  the  propagation  ol  EM  energ;  . 

(2)  Measure  the  significant  spectral,  physical  and/or  chemical  properties  of  samples  of  these 
gases  and  particinates  specified  under  (1)  for  wavelengths  from  visible  to  s.illiueter. 

1 3 ) Measure  the  interaction  of  EM  energy  with  v:  "ions  natural  and  anthropogenic  gav  at  low, 
medium  and  ultrshlgh  spectral  resolution. 

(4)  F.xtend  gas  and  particle  sampling  to  a global  scale. 

(5)  Develop  ot  modify  equipment  as  dictated  by  program  needs. 

7 . 4 MAJOR  EFFORT : FIELD  MEASUREMENTS 

7.2.1  Object  i.'es: 

(1)  Tc  measure  the  spatial  and  temporal  distribution  of  the  atmospheric  uerosois  and  gases  over  a 
variety  of  meteorological  and  geographical  conditions. 

(2)  To  establish  mobile  capability  foi  measuring  the  effect  of  the  atmospheric  medium  (Including 
BIC)  on  the  propagation  ol  energy  in  the  spectral  range  i vow  0.3  to  4000  micrometer#. 

(3)  To  rauasurs  the  atmospheric  transmission  and  scattaring  effects  associated  with  selected  FM 
devJces  under  a variety  of  metoorol  jgica-  conditions  for  natural  and  projected  battlefield  situations. 


7.4.2 


Approach : 


(1)  Establish  mobile  computer-centered  systems  for  measuring  the  temporal  and  spatial  variabilities 
of  projected  battlefield  environments. 

(2)  Establish  a measurement  capability  to:  (1)  test  model  and  laboratory  predictions  of  EM 
interaction  with,  the  atmospheric  medium  (including  battlefield  conditions),  ( 2 J evaluate  the  performance 
of  a given  EM  device,  and  (3)  make  in  situ  propagation  measurements  for  specific  applications. 

(3)  Make  measurements  at  a variety  of  locations  (continental,  coastal,  oceanic,  and  high  and  low 
latitude) . 

(4)  Initiate  a program  for  the  development  and  utilization  of  LIPAR  and  other  remote  sensors  for 
the  measurements  of  the  atmospheric,  natural  and  battlefield  aerosols. 
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FIGURE  1:  Categories  of  battlefield  environ  lertal  effects  on  electro-optical  systems. 
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DISCUSSION 


N.G.Gerson,  US 

Under  battlefield  conditions  a great  number  of  particles  or  aerosols  are  injected  into  the  atmosphere.  These  can 
cause  both  attenuation  of  the  signal  and  a rise  in  the  background  (scattered)  noise  level.  To  whal  extent  will  this 
condition  degrade  optical  systems  by  decreasing  ratio  of  signal/noise. 

Author's  Reply 

The  extent  of  the  signal/noise  degradation  under  battlefield  conditions  depends  upon  many  factors  such  as  the  types 
and  concentrations  of  the  aerosols  (or  smokes),  sky  illumination,  viewing  angle,  sensitivity,  field  of  view  (FOV),  and 
spectral  response  of  the  sensor.  It  depends  on  whether  you  arc  using  an  active  system  (laser)  or  a passive  system 
(FL1R)  and  possibly  even  the  type  of  weather  and  terrain  around  you.  We  arc  currently  investigating  at  the 
Atmospheric  Science  Laboratory  the  answers  to  these  questions  using  an  obscuration  model  named  ASLSOM. 
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ABSTRACT 

Atmospheric  contrast  transmittance  is  dependend  on  th<  atmospheric  extinction 
and  the  irradiating  fluxes,  and  is  severely  influenced  by  weath -r  conditions. 

In  addition  to  the  corresponding  research  in  the  OPAQUE  project,  the  DFVLR 
carries  out  airborne  measurements  in  the  region  between  northern  Germany,  the  Netherlands 
and  southern  Germany.  The  optical  equipment  is  simpler  than  the  instrumentation  used  in 
the  C-130  of  the  APGL.  But  measuring  flights  are  performed  during  a 2-years  period  at 
different  times  of  the  day  for  one  week  each  month.  The  main  attention  therefore  is  set 
to  interpretations,  in  one  hand  standing  in  relation  as  close  as  possible  to  visibility 
problems  in  practice,  and  in  the  other  hand  allowing  to  be  classified  by  meteorological 
routine-parameters.  Beside  beam  transmittance  and  path  reflectance,  the  slant  meteorolo- 
gical visibility  range  and  in  relation  the  slant  detection  range  for  visibility  air-to- 
ground  and  grounu- to-a i r seem  to  meet  with  this  request  under  the  prescribed  conditions, 
as  is  shown  in  examples. 


1.  INTRODUCTION 


During  the  NATO-project  "ORAQUt"  (Optical  Atmospheric  Quantities  in  Europe) 
(BARKER),  the  Dl'VLR  Institute  for  Atmospheric  Physics  connects  the  OPAQUE  Rround  stations 
in  southern  Germany,  the  Netherlands  and  northern  Germany  every  month  by  means  of  a 
series  of  measurement  flights.  As  our  measuring  aircraft  is  much  smaller  than  that  oi 
the  APGL,  we  can,  of  course,  only  measure  a limited  number  of  parameters.  The  large  num- 
ber of  measuring  flights  as  well  as  the  extension  of  the  area  we  have  to  overfly,  allows 
and  at  the  same  time  requires  a classification  according  to  meteorological  points  of  view 
which  have  to  be  developped  together  with  the  Amt  fUr  Wehrgeophysik  (Department  for  Mili- 
tary Geophysics).  The  evaluation  refers  to  the  comprehensive  research  work  of  the  AFGL 
(UUNTIEY,  JOHNSON  and  GORDON).  In  order  to  find  out  appropriate  marks  of  classification, 
as  far  as  they  are  not  yet  known,  cases  of  practical  interest  are  simulated  by  means  of 
a calculating  programme.  A further  extension  of  the  programme  will  also  deal  with  the  in- 
fluence of  different  cloud  forms. 


2.  MEASURING  PROGRAM 


The  propeller  aircraft  BE  65  serves  for  the  measuring  purposes,  having  a ceiling 
ft.  The  OPAQUE  measuring  flights  are  usually  flown  without  oxygen  in  altitudes 
of  10.000  ft.  The  average  speed  is  150  kts,  the  rate  of  climb  respectively  of  vertical 
descent  during  the  measuring  flights  is  approximately  800  - 1000  ft  per  minute. 

Every  month,  for  a week's  time,  day  after  day  the  northern  and  southern  route 
are  flown  starting  from  the  base  airport  Cologne,  The  northern  route  (cruising  altitude 
10.000  ft)  begins  in  the  early  hours  of  the  morning,  if  possible  before  the  formation 
oi  thermal  convection,  with  take-off  at  Cologne,  leading  over  Wildenrath  (low  go),  Ypen- 
burg  (low  go  near  the  OPAQUE  measuring  station)  to  Bremen,  this  being  the  appropriate 
airport  situated  nearest  to  the  OPAQUE  measuring  station  in  Meppen.  in  the  afternoon 
flying  back  to  Cologne  is  done  in  opposite  direction.  Like  the  northern  route,  the  sou- 
thern one  (cruising  altitude  9,000  ft)begins  in  the  early  hours  of  the  day  before  the 
formation  of  thermal  convection  with  take-off  at  Cologne,  then  leads  - at  1TR  - ove'r 
Stuttgart  (low  go)  to  Ooc rpfaf fenhof en , and  in  the  afternoon,  vice  versa,  back  to  Cologne. 
In  case  of  VFR  the  low  go  will  be  effected  right  next  to  the  OPAQUE  ground  station  Birkhof 
instead  of  Stuttgart. 

The  wish,  however,  to  effect  the  morning  flights  before  the  formation  of  thermal 
convection  is  contradictory  to  the  demand  that  irradiance  should  not  change  too  much.  As 
a compromise  between  these  requirements  and  the  technical  reasons  of  tho  airport  the 
following  flight  times  will  be  observed: 
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Dec . 

Jan. /Nov . 

Febr . /Oct . 

March/Sept . 

Apr 

• /Aug . 

9.00  - 12.00 

8.30  - 11.30 

8. CO  - 11 .00 

7.30  - 10.30 

^ .00 

- 10.00 

12.3C  - 15.30 

13.00  - 16.00 

13.30  - 16.30 

14.00  - 17.00 

14.00 

- 17.00 

May/Jul y 

June 

6.30  - 9.30 

6.00-  9.00 

14.00  - 17.0J 

14.00  - 17.00 

In  addition  to  this  program  measuring  flights  were  effected  together  with  the 
C-130  of  APGt  (DUNTLLY  et  al . 1977)  and  during  the  measuring  campaigns  of  our  Visibility 
Group  (HOFFMANN)  at  Meppen  and  Eckernfdrde. 

The  optical  measuring  equipment  is  installed  in  a temperature-stabal i zed  nose 
container  of  the  BE  65  (fig.  1).  It  consists  of  a photometer  system,  two  pyrancineters  and 
a backscatter  sonde.  The  photometer  system  comprises  6 single  photometers,  4 of  which 
are  periodically  deflected  all  2 s for  one  second  by  an  angle  of  1S°  to  mark  inhomogenei- 
ties of  the  radiance  in  the  sky  (the  sun  e.g).  Measuring  is  done  at  wavelengths  of  400,um, 
resp.  5S0,um  tesp.  900, um  with  a halfwidth  of  approximately  50, am.  The  logarithms  of  the 
measured  Quantities  arfe  taken  and  are  once  a second  transferred  on  tape. 


Seen  in  flight  direction,  the  photometers  are  mounted  as  follows  (fig.  2): 

photometer  1,  view  to  the  left;  visual  angle  50°  normal  to  flight  direction;  +6.5°  in 
flight  direction 

photometer  2,  upwards;  ♦27.5°  normal  to  flight  direction;  ^6.5°  to  flight  direction 

photometer  3,  forward;  3°  above  horizon  (in  normal  straight  flight,  at  constant  altitude); 

visual  angle  j^27,50  horizontal;  *6.5°  vertical;  periodically  deflected  up- 
ward by  15°. 

photometer  4,  view  to  the  right;  visual  angle  55°  normal  to  the  flight  direction;  +6.5° 
in  flight  direction;  periodically  deflected  by  15°  in  flight  direction. 

photometer  5,  upwards;  cos-characteristic  with  an  aperture  of  160°. 

photometer  6,  downwards;  cos-cb.arcteris tic  with  an  aperture  of  160^. 


Thus  in  the  sky  photometers  1,  2,  4 together  have  an  angle  of  view  of  165  . Their 
angle  as  well  as  that  of  photomers  5 and  6 was  chosen  smaller  than  180°  so  that  flying 
motions  do  not  disturb  the  measurements  signals  with  regard  to  swy  and  ground. 


pyranometer  1,  upward  view;  cos-characteristic  with  an  aperture  of  160° 
pyranometer  2,  downward  view;  cos-characteristic  with  an  aperture  of  160° 


The  backscatter  sonde  views  vertically  upwards.  It  measures  once  per  second  - at 
a wavelength  of  550/um  - the  radiation  of  a Xenon-flash  lamp  backscattered  by  the  air 
molecules  and  the  aerosol  particles.  Approximately  971  of  the  radiation  received  are  ori- 
ginating - in  a homogeneous  atmosphere  - from  a scattering  volume  extending  between  about 
0.2  m and  10  m in  front  of  the  instrument.  Due  to  ait  electronic  gate,  signals  from  strong 
reflectors  (clouds)  being  farther  away  'chan  300  m can  no  longer  he  received. 


For  the  extrapolation  of  the  spectral  course  into  the  IR-range,  the  measurements 
taken  by  the  OPAQUE  ground  stations  have  to  be  used. 


In  addition  to  this  time,  static  pressure,  speed,  static  temperature,  relative 
humidity,  attitude  and  heading  of  the  aircraft  are  recorded.  Photos  are  taken  of  the  respec- 
tive cover  of  clouds.  The  tape  recording  contains  384  bit/s  » 1.4*10®  bit/h. 


4 . ACQUISITION  OE  MEASUREMENTS 


The  measurements  recorded  on  tape  are  converted  into  physical  values  with  the 
Amdahl  470  V/6  computer  of  DFVLR  using  a special  program.  Data  of  each  flight  are  clearly 
plotted.  Fig.  3 e.g.  shows  the  plot  of  9/2/77,  The  various  measurements  are  plotted  to- 
gether with  the*  agreed  dimension  depending  on  the  flight  time.  In  the  following  some  data 
referring  to  the  flight  are  given:  Take-off  Cologne  at  9.00  GHT ; S.2C  Koblenz;  sunny, 
partially  slightly  covered,  fog  in  the  valleys;  3.30  Bingen  loop,  increasing  stratus  under 
and  over  aircraft;  8.40  Worms;  9.00  Suebian  Alp;  scattered  rests  of  snow,  stratus  becoming 
dark  grey,  increasing  sunny  looks  through  to  tne  ground;  9.05  alteration  of  heading  with 
approach  to  Stuttgart,  fog  in  the  valleys,  visibility  100  m.  The  backscatter  shows  very 
well  the  diving  into  the  layer  of  haze  as  well  as  the  thermal  variation,  i.e.  first  in- 
crease of  temperature,  then  fall  of  temperature  at  low  altitude.  At  9.23  "low  go"  Stutt- 
gart; 9.52  Augsburg,  now  partly  in  clouds  (sue  backscatter),  stratn-cumulus , heavily 
covered;  10.06  landing  at  Oberpfaffenhofen . The  temperature  at  take-off  was  2 °C,  visi- 
bility 4.5  km,  sky  half-covered.  The  sun  being  south-east,  near  the  horizon  (Azimuth  127°, 
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elevation  9.5  ) photometer  3 measures  direct  irradiance  of  the  sun  after  the  aircraft 
had  headed  for  127°.  According  to  extraterrestrial  irradiance  at  wavelengths  of  0,4/um; 
0.5, urn  and  0.9/um  and  measuring  at.  an  altitude  of  2500  m and  a sun  elevation  of  9.5°, 
follows,  e.g.  a transmittance  of  t ( » 0.62;  i2  ” 0.77  and  1 3 * 0.99  related  to  the  rela- 
tive air  mass  1.  The  regular  transmittance  alone  comes  up  to  r.  * 0.59;  r-  * 0.74;  t » 
0.97  (green-prple  blue  horizon).  > 


Irom  8.05  o'clock  the  curve 
mirror  makes  the  photometer,  by  turn 
it.  The  irradiances  vary  up  to  facto 
gctlier  with  the  measurements  of  phot 
spots  of  the  sky  at  variable  flying 
scattering  function.  It  can,  however 
also  by  clouds.  The  Albedo  depending 
sured  by  photometers  and  pyranometer 
arise  from  shadowing  clouds  or  refle 


of  ph.otomcter  3 appears  s 
s,  view  to  the  sun,  respe 
r 5.  Hence  regular  transit, 
ometers  1 to  4 which  addi 
attitudes,  it  is  possible 
be  disturbed  by  multipl 
on  the  altitude  is  resul 
s in  the  upper  and  lower 
cting  ground. 


trongly  spread,  the  folding 
ct.ivcly  to  the  sky  15°  above 
ittance  can  be  computed.  To- 
titnally  record  the  different 
to  draw  conclusions  on  the 
e scattering  and  probably 
ting  from  those  values  mea- 
halfspace.  Disturbances  may 


S.  1 NTERPRETAT ION 


The  processed  data  thus  furnish,  besides  the  horizontal  variability  of  the  single 
measurements,  t he  extinction  coefficient  o (z)  as  the  function  of  altitude  above  sea  level 
as  well  as  the  irradiances  produced  by  the*  sun  and  the  different  spots  of  the  sky  at  the 
measuring  point.  Horizontal  homogeneity  is  assumed  for  q,  (z)  when  evaluating  it.  Areas 
having  horizontally  different  oe(z)  are  treated  as  separate  ones.  Visibility  from  such  an 
area  into  a neighbouring  one  is  of  practical  interest  only  in  special  cases  which  are  dealt 
with  separately.  It  is,  however,  taken  into  consideration  on  evaluating  the  data  that  ir- 
radiances can  strongly  vary  horizontally  under  the  influence  of  clouds  laying  over  the 
sight  path.  All  measurements  are  valid  for  a special  wavelength,  even  if  not  explicitly 
mentioned  in  the  text,  or  in  the  formulae. 

It  is  reasonable  to  use  K0SCHM1EDER* s horizontal  meteorological  visibility5'  in- 
stead of  the  extinciton  coefficient,  as  it  is  directly  comparable  tc  visibility  found 
out  by  way  of  routine  by  all  meteorological  service  stations. 


(1) 


°e  (O 


3.9  . 3.0 

V^XzJ  V5(z) 


V is  relative  to  2t,  V,  to  51  threshold  of  contrast.  They  are  equivalent  to  the  distances 
between  target  and  observer  having  21  respectively  51  regular  transmittance.  The  meteoro- 
logical visibility  (VN  or  Ve)  normally  refers  to  a 0.55/um  wavelength  (RUPPERSBERG)  and 
the  layer  near  the  ground.  According  to  equation  (1)  it  is,  however,  possible  and  in  praxi 
common  usage  to  convey  this  term  to  other  wavelengths  (HOEHN)  and  other  altitudes. 

Analogous  to  the  horizontal  one  there  can  also  be  defined  a slant  meteorological 
visibility  VN^  respectively  Vsg.  According  to  a suggestion  of  J.  WEISS  (also  F0ITZ1K  I960) 
it  is  the  projection  of  the  slant  sight  path  having  21  respectively  51  regular  transmit- 
tance (or  as  defined  by  DUNTLEY  et  al.:  beam  transmittance)  upon  the  (horizontal)  ground 
(fig. 4).  if  observing  conditions  at  this  beam  transmittance  still  admit  a detection  of 
objects  on  the  ground,  also  an  observer  from  the  altitude  zob  (fig.  4)  can  overlook  an 
area  (on  the  ground)  with  a radius  V*, s resp.  V5S.  The  slant  meteorological  visibility 
apparently  has  the  advantage  of  great  distinctness  and  is,  as  we  will  see,  particularly 
appropriate  for  a classification. 

1^(0)  be  the  (horizontal)  meteorological  visibility  on  the  ground,  V«(z)  be  that 
in  the  altitude  z above  ground  and  zob  be  the  observer's  altitude.  Hence  follows  for  the 
slant  meteorological  visibility: 


<21 


VNS<Zob> 

VN  (0) 


Zob^N 


w 


(0)  _ 
d ( — 1 — 
V».(z ) VM(0) 


-1 


N' 


^-Footnote : In  Germany  the  term  "Norir.sichtweite"  proposed  by  F0IT2IK  in  1947  (DIN  5037) 

Tias  generally  become  used  as  denomination  of  this  value.  In  English  literature  nowadays 
obviously  "meteorological  visibility"  is  preferred  besides  the  term  "meteorological  range* 
which  was  defined  by  DUNTLEY  in  1948  and  taken  over  by  MIDDLETON.  The  terms  "standard 
visibility",  "standard  visual  range",  "visual  range"  or  simply  "visibility"  are  used  as 
well.  The  term  "meteorological  optical  range"  proposed  by  the  WMO  for  the  51  beam  trans- 
mittance is  closely  related  to  it,  but  is  defined  slightly  different. 
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The  same  equation  is  valid  for  VjS,  however,  with  the  index  "5"  instead  of  "N". 


Fig.  3 shows  the  course  of  the  slant  meteorological  visibility  as  a function  of 
the  observing  altitude  for  the  following  status:  On  the  ground  there  is  a fog  layer  with 
300  m meteorological  visibility  reaching  up  to  an  altitude  of  90  m (curve  1),  resp.  180  m 
(curve  2)  or  27C  m (curve  3).  Above  this,  up  to  the  upper  border  of  the  boundary  layer 
in  an  altitude  of  1440  m,  there  is  a meteorological  visibility  of  10  km.  After  a jump  to 
SO  km  the  meteorological  visibility  steadily  increases  together  with  the  altitude  in  the 
free  atmosphere  above  1440  m.  Whereas  an  observer  on  t he  ground  can,  at  best,  detect  ob- 
jects within  a horizontal  radius  of  300  m,  an  observer  e.g.  sitting  in  a helicopter 
flying  at  an  altitude  of  300  m,  can  overlook  an  area  of  VNc  resp.  Vec  * 873  m radius, 
supposed  the  observing  conditions  admit  a detection  up  to  2\  resp.  51  beam  tansmi ttance 
(see  curve  1).  The  radius  would  be  1598  m from  a flying  altitude  of  600  m,  and  5880  m 
from  a flying  altitude  of  3000  m.  At  a fog  altitude  of  180  m (curve  2j  the  area  to  be 
overlooked  from  300  m (000  m;  3000  m)  shrinks  to  301  m (720  m;2660  m)  radius.  At  a fog 
altitude  of  270  m (curve  3)  the  area  to  be  overlooked  from  all  the  flying  altitudes  is 
smaller  than  that  to  be  seen  from  the  ground.  From  flight  altitudes  of  more  than  1270  m 
the  ground  is  no  longer  visible. 

Because  of  the  already  known  spectral  neutrality  of  fog  these  values  are  not 
only  valid  in  the  visible  spectral  range.  Beyond  the  absorption  bands  they  are  most  pro- 
bably valid  - by  approximation  from  UV  to  the  far  IR  - only  at  10.5  to  It.S/um  with  signi- 
ficant deviations  (RUPPERSBERG , SCHELLHASE,  SCHUSTER). 

In  equation  2 the  different  meteorological  visibilities  and  altitudes  appear  in 
relation  to  the  meteorological  visibility  on  the  ground,  i.e.  VN(o)  resp.  Vjfo).  The  same, 
therefore,  is  valid  for  the  result:  at  half  the  meteorological  visibility  on  the  ground, 
i.e.  ISO  m,  all  other  numerical  values  of  the  above  example  are  halved.  Hence  the  obser- 
ver in  the  helicopter  at  150  m altitude  has  437  m of  slant  meteorological  visibility  if 
there  is  a fog  layer  of  a density  of  45  below  him,  etc.  For  the  classification  of  the 
slant  meteorological  visibility  it  is  only  required  to  know  - apart  from  the  horizontal 
meteorological  visibility  on  the  ground  - the  relative  course  of  the  extinction,  which 
is  very  favourable  as  a property. 


Analogous  to  the  horizontal  meteorological  visibility  the  slant  meteorological 
visibility  is  likely  to  be  the  upper  limit  for  the  detection  range  of  (cool)  black  objects. 
The  contrast  transmittance  of  the  turbid  atmosphere  in  all  observations  not  having 
the  horizontal  sky  as  background  is,  indeed,  not  equal  to  the  regular  transmittance  (beam 
transmittance)  ir.  On  the  contrary,  in  these  observations  the  ratio  L / .1  enters  out 
of  inherent  and  apparent  background  radiance:  1,0  r 


(31 


cTr<*ob/t'Vs 

cTr  ( zob,  ' 


^r*zob,gt 

V^t'*** 


Tr<zob,V 


bLo  jjtiAigi 1 
bLr(zob,®t'*t> 


Cr  is  the  apparent  contrast,  CQ  the  inherent  contrast.  Fig.  6 shows  the  observation  coor- 
dinates which  have  been  taken  over  from  DUNTLEY  et  al.  (1957),  as  well  as  the  respective 
terms.  In  the  meantime,  only  some  of  the  signs  were  adapted  to  CIE-standards  which  are 
customarily  used. 

A target  having  the  inherent  contrast  C0  against  its  surroundings  is  thus  detec- 
table up  to  the  distances  r in  which  the  apparent  contrast  C - rvr  C„  has  sunk  down  to 
the  contrast  threshold  value. 

From  equation  (3)  follows,  with  the  path  radiance  L*  - bLr  - tr  bLQ 


cTr  t = 


!♦ 


rrUob,*t)bLoUt#t'®,1 


I 


i 


(4) 
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I ho  path  radiance.-  I.“  is  the-  result  of  tiie  luminance  of  the  sight  path: 
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Apart  from  equation  (41  and  some  other  software  it  is  the  contents  of  the  main 
procedure  (fig.  ? J.  By  means  of  an  o-  and  an  E-program  the  scattering  coef  f icients  og  ( z)  , 
t ransmi ttanccs  t(z,Ot) , radiance  of  the  sky  BgL( z ,Gsg ,4*^)  and  irradiance  from  the  sun 
L( z , 0. » ) extracted  from  the  measuring  data  are  given  in.  The  type  of  the  scattering 

function  n'(z,(flau)  has  to  be  given  in  - as  far  as  it  doesn’t  result  from  the  measurements 
(see  par.  2)  - on  the  basis  of  assumptions.  Also,  ^ 1.0  values  characteristic  for  the  ob- 
servation problem  to  be  detected  are  given  in.  The  main  procedure  then  furnishes  - apart 
from  those  data  also  given  out  by  DUNT1EY  et  al . (1977)  - the  slant  detection  ranges 
Vc ( z0h i 0 t > * t ) characteristic  for  this  very  observation  problem.  Analogous  to  the  slant 
meteorological  visibility  (fig.  4),  the  slant  detection  range  is  the  projection  of  the 
sight  path  under  which  a detection  is  still  possible  upon  the  (horizontal)  ground. 

fig. 8 (curve  2)  shows  slant  detection  lange  from  720  m altitude  dependent  on  the  Azimuth 
difference  against  the  sun,  i.e.the  area  on  the  ground  which  can  be  overlooked  by  an 
observer  from  this  altitude.  To  simplify  the  matter,  in  this  example  it  is  assumed  that 
objects  up  to  51  contrast  transmittance  are  still  detectable.  The  turbidity  laygrcorres- 
ponds  to  the  above  mentioned  example  (fig. 5).  The  sun  elevation  is  30°  ( _ «60°) , the 
angular  dependency  of  the  luminous  density  of  the  shy  which  is  dependant  8H  z has  not 
yet  been  considered,  the  ground  reflectance  is  0.2  (meadow) 

The  slant  visibility  from  '/ 10  m altitude  (curve  2)  is  smaller  than  the  slant 
meteorological  visibility  (curve  1)  but  still  larger  than  the  horizontal  meteorological 
visibility  V<;(0)  - 300  m on  the  ground.  Towards  the  sun  the  slant  visibility  is  smallest 
and  having  the  sun  slantly  in  the  back  one  looks  farthest. 

Curve  3 shows  the  range  an  observer  can  overlook  from  the  ground,  all  the  other 
conditions  being  the  same,  as  per  the  level  of  a helikopter.  Apart  from  the  absolute 
values,  this  difference  is  likely  to  he  an  interesting  parameter  for  the  reconnaissance 
models.  We  hope  to  be  able  to  indicate  it  if  there  is  an  appropriate  meteorological 
optical  classification  with  a sufficiently  small  scattering  range.  However,  in  the 
example  mentioned  tne  inherent  contrast  has  not  yet  been  considered  at  all.  It  can  change 
the  range  considerably.  Therefoieit  is  a special  object  of  research  of  our  Visibility 
Group  (Hotimann).  We  are  going  to  include  their  results  in  our  further  evaluation. 


6.  CONCLUSIONS 


The  slant  meteorological  visibility  is  an  appropriate  parameter  for  the  indispen- 
sable classification  of  the  amount  of  data  which  have  been  measured,  for  this  procedure 
it  is  necessary  to  fit  in  firstly  the  ground  visibility  which  is  routinely  recorded  by 
meteorological  services,  secondly  the  relative  vertical  profile  of  the  extinction  coeffi- 
cient which  is  in  close  correlation  with  the  temperature  profile  of  the  existing  air  mass 
In  addition,  the  slant  meteorological  visibility  can  be  taken  as  the  upper  limit  for  the 
slant  detection  range  of  usually  interesting  visual  targets;  the  detection  range  of  very 
bright  targets  may  be  increased  by  only  a small  portion. 

Moreover,  starting  points  for  the  classification  of  the  impact  of  the  irradiance 
still  must  be  developped.  Eor  this  purpose  several  parameters  of  practice]  interest,  e.g. 
the  relation  visibility  air-to-ground  / visibility  ground-to-e ir , are  simulated  by  a 
computer  under  variable  cond it  ions  .Those  atmospheric  optical  parameters  which  are  highly 
effecting  the  result  then  are  classif icated  together  with  the  slant  meteorological  visi- 
bility. 
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Fig.  5 : Slant  ireteorological  visibility  at  ground  fog  situations. 

The  meteorological  visibility  is  300  m beyond  the  ground  inversion  which  is 
SO  a,  180  in  or  270  ot  above  the  ground. 


DISCUSSION 


L.F.Druinincler.  US 

Is  it  more  common  to  use  2'/I  or  5%  as  Hie  contrast  threshold  tor  (10100(1011? 

Author’s  Reply 

The  answer  to  tins  question  depends  on  the  measurement  of  contrast  thresholds  of  human  eyes  (Black we'i, 
Middleton,  et  ah).  In  hornier  times  a contrast  threshold  oh  2%  was  in  use. 

For  military  use,  the  5 ‘A  contrast  threshold  for  detection  is  more  common. 
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THE  INFLUENCE  OF  METEOROLOGICAL  PARAMETERS  ON  ATMOSPHERIC 
TRANSMISSION  AT  10. 6 pm  ( CC>2  - LASER  RADImTION  ) AND  0.63  pm 
(HeNe-LASER  RADIATION)  FROM  MEASUREMENTS  AND  CALCULATIONS 


J.Abele,  H.Raldt,  W.Jeison,  R.KIrschmer 
Forschungsinstitut  fO.  Optik  der  FGAN 
Schlost  Krossbach,  D-7400  Tubingen,  F.R. Germany 
Report  1978/6 


SUMMARY 


TFiij  paper  presents  an  experimental  and  theoretical  study  on  atmoipherlc  transmission  of  HeNe  and  COj-laser  rodiation  aid 
in  the  photopic  range.  A continuously  operating  tranimi  stoma  ter  designed  end  developed  in  the  institute  measured  the  atten- 
uation of  the  two  wavelengths  simultaneously  and  over  a common  path  length. 

Besides  the  laser  traismissomefer  measurements  in  the  photopic  range  were  performed  by  commercial  visibility  meters.  Results 
are  compared  with  semiempirical  formula,  with  deductions  from  Mie  theory  ond  with  a model  describing  transmission  through 
rain . 


INTRODUCTION 


Atmospheric  transmission  of  laser  beams  is  important  for  several  military  and  civilian  applications,  e.g.  optical 
telecommunication  enginoering.modulation  systems,  anemometry,lidar  systems,  range  finders,  pointers  and  laser  weapon 
systems.  Tne  operational  usefulness  of  all  these  systems  will  be  determined  by  the  characteristics  of  the  atmosphere  through 
which  the  laser  radiation  must  pass.  Therefore  further  theoretical  and  experimental  research  on  atmospheric  absorption  and 
scattering  by  molecules,  aerosols,  cloud  and  rain  droplets  ond  snowflakes  is  necessary  to  improve  the  mathematical  descrip- 
tion of  atmospheric  loser  radiation  transmission. 

The  prime  objective  of  this  study  is  to  report  on  the  comparative  measurement  of  atmospheric  attenuation  of  CO^- 
and  HeNe-laser  radiation  and  in  the  photopic  range  under  a variety  of  meteorologlcol  conditions.  Simple  correlations  with 
meteorological  parameters  will  perhaps  enable  the  perfonnance  thot  laser  attenuation  con  be  predicted  If  meteorological 
records  are  available.  In  this  study  a practical  and  o theoretical  approoch  to  the  problem  has  bean  made. 

2.  EXPERIMENTAL  SET-UP 

2. 1 LASERTRANSMISSOMETER  AND  VISIBILITY  METERS 

A scheme  of  the  optical  layout  of  the  laser  transmissometer  Is  shown  In  Fig.  1,  Besides  o C02~  a HeNo-  laser 
Is  Installed.  The  radiation  of  the  two  lasers  Is  collimated  by  means  of  0 small  CdTe  plate.  This  plate  Is  a window  for  the 
CO^-loser  beam,  whereas  for  the  HeNe-laser  beam  It  server  os  a partial  reflector.  By  means  of  a ZnSe  beam  splitter  the 
two  laser  beams  are  separated  Into  o reference  wid  o measuring  beam.  A Cassegralnlan-System  sends  the  beams  through  the 
atmosphere.  The  primary  mirror  it  an  off-axis  parabolic  one,  the  second  a a spherical  one.  At  tho  end  of  the  measuring 
range  (distance  1E0  m)  the  lose,  beams  are  reflected  by  a retroreflector.  Before  reaching  the  detectors  the  bea.nt  ore  separa- 
ted by  an  additional  CdTo  plate.  The  reference  beam  serves  as  a control  for  the  later  power.  For  controlling  the  line  stabili- 
ty of  the  COj-later  a spectrum  analyzer  Is  used;  therefore  a further  CdTe  plote  which  serves  m o partial  reflector  Is  mounted. 
The  CO^-loser  radiation  it  detected  by  a pyroelectric  detector,  the  HeNe-lator  radiation  by  a silicon  detector.  The  measuring 
and  the  reference  beam  ore  chopped  with  16  ond  70  cycles  resp.  The  electronic  signal  processing  It  performed  by  nweii  of 
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phase  sensitive  rectifiers  flock-ln  technique). 

The  transmission  In  the  photoplc  rang*  war  measured  with  a traninilssometer  (EtTRO)  and  a "Vldeograph"  (Impuls- 
phytlk).  The  ELTRO  iransmlssometer  belongs  to  the  double-ended  devices.  The  Instrument  operates  on  hvo  bote  length* 
(L^  2x15  m;  L^**  2 x 150  m)  aid  meafures  transmittance  r due  to  total  atmospheric  extinction  olong  the  optical  path.  The 
source  of  the  device  consists  of  a tungsten  filament  lamp,  the  receiver  has  a photoplc  response.  To  obtain  optimal  accuracy 
an  automatic  switching  between  the  two  base  lengths  Is  Installed. 

The  "Vldeograph"  belongs  lo  the  category  of  backscatter  Instruments  and  does  therefore  not  require  an  extended 
baselengrh.  It  consists  of  a projector  and  a receiver  In  the  tame  housing.  The  receiver  measures  the  light  scattered  back 
from  a certain  volume  of  the  atmosphere  Illuminated  by  the  outgoing  beam.  Therefore  scattering  from  angles  between 
177°  and  179°  Is  recorded.  As  a light  source  serves  a high  powered  xenon  spark;  lamp.  The  spectrum  of  the  lamp  contains 
practically  no  IR  and  lies  In  the  blue-white  region. 


2.2  METEOROLOGICAL  SET-UP 

Air  temperature  was  measured  by  meant  of  a standard  bimetallic  thermometer.  At  humidity  measuring 
device  served  a classical  hair  hygrometer.  Since  the  accuracy  of  hair  hygrometeif It  about  5%  future  measurements  will  be 
performed  by  electrically  ventilated  aspiration  psychrometers  to  achieve  higher  accuracy.  To  measure  the  precipitation  rare 
a commercial  rain  gauge  wo.  Installed  at  the  rcsige.  A cup  anemometer  combined  with  a wind  vane  was  Installed  about  two 
meters  above  the  ground.  Finally,  the  ambient  carbon  dlaxtde  concentration  wot  measured  by  a URAS  2T  gat  onalyzer 
(Hartmann  & Broun). 


2.3  AEROSOL  SET-UP 

Aerosol  spectra  were  measured  by  a Royco  particle  counter.  Model  225,and  a device  of  Particle  Measu- 
ring Syitemt,  Model  ASAS-300  B.  Table  1 shows  tome  details  of  the  aerosol  measuring  equipment. 

Table  1:  Some  details  of  the  aerosol  measuring  set-up 


characteristics 

Royco 

Model  225 

- 

PMS 

Model  ASAS-300  B 

measuring  principle 

light  scattering 

light  scattering 

light  source 

Incandescent  lamp 

HeNe- laser  TEM,^  mode 

sampling  area 

i 

0 . 5 mm 

2 

0,018  mm 

sampling  flow  rate 

0.12  cm'Vtec 

measuring  range 

channel  1 : 0.4  -0.6  jjm 

2:  0.6  -1.4  “ 

" 3:  1.4 -3.0  " 

" 4 : 3.0  - 5.0  " 

" 5 r 5.0  - (-20)  " 

mg*  1 : 0.15  - 0.30jjm,0.01  channel  width 

” 2 : 0.23  - 0.605  ",0.025  " 

" 3 : 0.40  - 1.00  ",0.04  " 

" 4 : 0.60  - 3.00  ",0.16  " 

sizing  accuracy 

stated  size,  * 5% 

RMS  size  errors: 

(as  stated  by  the  manu- 
facturer) 

based  on  pulse  hlghr 
measurements 

- 10% 

qu  j 


3.  THEORY 

3.1  DESCRIPTION  Of  MONOCHROMATIC  TRANSMITTANCE  AT  0.63  AND  10.6  MICRONS 


In  general  the  monochromatic  transmittance  of  radiation  along  an  atmospheric  path  Is  defined  os  follows: 


T x = exp.  ( -y^L  ) , 


(1) 


where  > ^ if  the  extinction  coefficient  and  L i*t  the  path  length  traversed  by  the  radlalion.  The  exponent  in  equation  (1) 
v * L is  denoted  os  the  optical  thickness  t.  After[l]  equation  (1)  is  valid  if  the  relation  til  14  holds.  The  extinction  coeffi- 


dent  y is  given  by 


y — y + v , 
A 7 7\,o 


(2) 


where  y it  the  extinction  coefficient  by  molecules  whereas  y means  extinction  by  oerotoli.  Both  extinction  coeffl- 
A,rn  A / c 

cients  are  composed  of  both  scattering  and  absorption.  With  regard  to  CO^-lawr  radiation  absorption  by  water  vapour  CFid 
carbon  dioxide  molecules  has  to  be  considered.  Because  or  their  smaller  concentration  absorption  of  other  molecules  can  be 

neglected  (e.g.  CO,  N O,  CH  ).  Finally  extinction  of  asrosols  is  very  essential.  Therefore,  atmospheric  extinction  of 

/ 4 

CO  , -laser  rodlaiion  y 1A  con  approximately  be  written  os  Follows: 
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V]06  - km  (HjO)  + km  (CO^)  + yQ, 


(3) 


where  km  (H^O)  and  km  (CO^)  denote  absorption  by  water  vapour  and  carbon  dioxide,  y ^ means  extinction  caused  by 
aerosols. 


In  case  of  fog  (visibility  £ 1 km)  and  precipitation  extinction  by  fog  droplets  ( y^)  and  rain  drops  (y  ) be- 
comes dominant,  so  extinction  by  molecules  can  In  generally  be  neglected  [ 2,  3 J . Thus  equation  (3)  con  be  rewritten  in 


y10.6~  *f  °r  *10. 6“'  V 


(4) 


The  propagation  of  HeNe-laser  radiation  ii  determined  by  extinction  owing  to  aerosols.  Therefore,  for  extinc- 


tion at  0, 63  micron  ( y.  „)  holds: 

0.  oo 


y.  i.  - y 

\J  . LK)  O 


(5) 


Analog  to  Equ.(5)  , It  holdi  for  atmospheric  extinction  In  the  vlsuol  range  y 


vis’ 


yvl.  “ V 


(6) 


The  extinction  due  to  air  molecules  can  be  Ignored  for  visibilities  leu  than  about  50  kilometers.  The  vlslblll  - 


ty  cun  then  be  computed  by  nsail  of  the  wellknown  Koschmleder  formula,  using  also  only  y ^ 


V..  = 


3.  912 


N y 


(7) 


Besides  of  lemlemplrlcal  formula  determining  atmospheric  brood  band  and  later  transmission  theie  ore  several 
computer  programs  on  ihe  basis  of  atmoopherlc  and  aerosol  models,  e.g.  LOWTRAN  [4],  HITRAN  [5]  and  ATRAN  [6,7], 
At  the  FfO  an  approximative  formula  for  extinction  at  10,6  micron  was  tied  based  on  the  available  literature  until  1973 
[ 1,  2,  3,  3,  9,  10  ].  Here  y^  ^ :■  defined  after  equation  (3)  with 
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km(C02)  = 144  ( 295/  T)  ' exp  ( -2230  / T)/ 

**e™  T denotes  the  air  temperature  In  Kelvin  . Further  absorption  by  water  vapour  It  given  at  follows: 

km  (H20)  = 4.32-10'6  {p+1«pH  O)/ 

wfiara  q denotes  tha  watec  vapour  partial  pretture  In  Tom  wharaat  p moani  atmospheric  pressure  In  Torr. 

Finally  axtlnctlon  by  aerosols  it  expressed  by  the  following  approximation  formula: 


ra  = 0.245  VN_1  j’.xpf  ( Hr  - 50  + 6 ) ((  VNAm)°’3/50)  ] j . 


Hare  it  tha  visual  range  in  km.  Hr  It  the  relative  humidity  In  percent. 
Equation(1C)ls  valid  at  on  flrtt  order  approximation  with  the  llmltatiant 

VN  £ 100  km 


(0  ; 45%  S Hr 

[0.38  (Hr  - Tt )',  77% <i  Hr 


£ 77% 
£ 90%. 


More  accurate  approximation  formula  have  to  take  in*o  account  the  relevant  aerosol  lira  dis*rlbutlen; 
therefore  the  visibility  cannot  replace  the  aerotol  size  distribution  for  Infrared  wavelengths. 


3.2  MIE  CALCULATIONS  - AEROSOL  SIZE  DISTRIBUTIONS 

n — _.  *t — — m.i.-s  t _i..  ..  l..«.  ...a.  i_*.  ....  . t.  .1  ..  i . .i  . i«..  ♦»  j 

mo  oaIiiiuium  vuomuom  iui  umiuvjjuaiiu  puniuuiuie  iuuiioi  y ^ i»  loigiou  »v  mo  1 1 Xfv  uiliiiuuiKm  uiu 

optical  properties  of  the  particles  by  Mle's  theory.  Although  otmospherlc  aerosols  are  not  uniform  homogeneous  spheral, 

Mia's  theory  approximately  describes  extinction  by  aerosols.  The  porticle  extinction  cioes  secrlon  Is  commonly  written  In 

2 

terms  of  the  crou'soctionol  aero  rr  ' of  particles  times  an  efficiency  factor  for  extinction  Thus  y q becomes: 

ya  = ur2  QpXj  (11) 

for  o single  particle.  The  extinction  efficiency  factor,  expressed  In  terms  of  the  Mle  amplitude  functions  [11  ] a and  b 


Q,.,»  i i,x)  “ — 2 - \ (2  r + 1)  Re  ( a + b ), 


where  m =(n^  - n^i)  Is  the  complex  Index  of  refraction  of  an  aerosol  particle  end  x=2ffr/\  Is  a size  parametar  relating  the 
radius  r of  the  sphere  to  the  wavelength X of  the  Incident  electromagnetic  wove  (Mle  parame  er). 

In  the  someway  the  efficiency  factor  for  scattering  Is 


°SCA  = ~T  £ (>J,  + 1)fK|2+lbn!2]' 


Tor  a mondlspense  oerosol  hovlng  N^  portlcfas  per  unit  volume  y Is  given  by 

y “ irr2  Q PVT  N • 
a EXT  a 


Similarly,  the  total  extinction  due  to  a polydlspcrso  distribution  of  particles  Is  given  by  the  Integral  over 
the  size  distribution:  _r2 


r.-J. 


^a  “ Jri  Jr  QEXT  n(r)  *' 


where  n(r)  Is  a continuous  function  defined  within  the  radius  Interval  from  to  r2  representing  the  concentration  of  particles 
per  unit  volume  and  per  unit  Increment  of  dr.  An  overview  of  frequently  used  size  distribution  functions  Is  given  In  [ 12] . 
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Hie  technique*  employed  to  count  and  meoiure  particle*  usuctly  provide  dcta  on  the  number  of  particle*  per  *pec!flc  Interval 

of  rodiu*.  If  the  rodlu*  Interval*  ore  »ma!l  enough,  equation  (15)  can  approximately  be  rewritten  In 

z 


y 


a 


ffr. 


Q 


EXT 


(m,  Xj) 


’l  (r|5' 


06) 


1=1 

where  r,  i*  the  mean  radlut  of  each  rodlu*  Interval,  n . I*  the  population  of  the  corresponding  rodlu*  Interval  end  z I*  the 
totol  number  of  rodlu*  Interval*.  Equation  (15)  repre*ent»  extinction  by  oero*ol»  much  better  than  equation  (10)  where  ex- 
tinction I*  calculated  via  visibility  cxiH  relative  humidity,  but  It  require*  the  measurement  of  the  oerotol  size  distribution. 


3.3  TRANSMISSION  THROUGH  RAIN 


Mott  atmospheric  extinction  model*  do  not  con»lder  the  effect  of  precipitation  but  Include  only 
extinction  by  gaseous  conttituent*  and  aerosol*.  However,  especially  in  the  3-15  pm  region  extinction  by  rain  It  of  con- 
siderable importance. 

In  order  to  model  IR-extlnction  by  precipitation  the  rain-drop  »lze  distribution  Is  required.  The  distribution  motriy  used  by 
modeller*  ha*  been  proposed  by  Marshall  and  Palmer  [ 13]: 


N (0)  = NQ  exp  ( - AD)  [cm*4] 

(17) 

A = A (R)  = 41  R-°-21, 

(IB) 

where  the  following  notation  holds: 


N(D)  dD 
D 


A 

R 


Number  of  drops  per  unit  volume  with  diameter  between  D and  D+dD  [cm  \ 
Drop  diameter  f cm  ] . 

-4-3-1 

Intercept  parameter,  found  to  be  conitant  ( = 0.08  cm  = 8000  m mm  ) 
by  Manhall  and  Palmer. 

Slope  parameter  of  the  Morjhall-Pulme.-  dls'.ributlor 
Rain  rat#  [ mm  h ' ] , 


-1, 

cm  J . 


Thu*  via  (18)  rite  rain  rote  I*  related  to  the  spectrum  which  generally  1s  unknown,  unless  measured  by  ipeclal  equipment. 
The  rain  rate  Itself  can  at  least  be  estimated  from  routine  observations.  As  for  as  the  parameter  Is  concerned  there  are 
Indications  today  thut  It  cat  no  longer  be  treated  as  a conitant  a*  summarized  by  Morkowltz  [ 14] . Other  suggestions,  e.g. 
to  express  N^  os  a function  of  R are  given  In  [15],  [ 14  J#  [ 17] . 

Equ,(17)  should  be  valid  for  nxny  cases  of  steady  rain  at  continental  mid-latitudes.  However,  dra- 
stic deviations  from  the  "straight  line"  (on  a log-plot)  are  expected  In  heavy  rain,  e.g.  during  showers  or  thunderstorm*. 


To  relate  rain  rate  to  the  total  amount  of  precipitation,  the  terminal  velocity  of  the  rain  drops  Is 
needed.  Here  we  use  the  relationship  given  by  Goldstein  [16]: 


-1, 


V (D)  » 9.6  ( 1 - exp  (-5.5  D))  [nut  ], 


(19) 


with 


V « Velocity  [ m sec  ] . 

Following  van  de  Vr!o  [ 19]  the  procedure  to  calculate  the  tianimlsslonf  through  rain  Is  oe  fallows; 


HV-O 


2)  N = r 

_n_  exp  (-  AP)  V(D1  D0  dD 


Nq  n T (3)  Zrr  Nc 

3)  A = N 7-  f00  «xp(-AD)  D2dD=  z - 

0 4 *h  4 A3  2 A 


4)  yp  = - 105  In  ( 1 - A-Qext)  [ km'1], 

5)  r = ®XP  (“  y * L)  ; L In  [Icm], 


Tho  factor  A m*ant  the  total  geometric  crou-wctlon  of  all  rain  drop*.  The  weighting  frctn*-QCVT  It  the  Mle-extlncflon* 

D I 

efficiency  factor,  which  it  a function  of  tho  Mi*  tlz*  parameter  x = — . For  large  voluet  of  x,  i.e.  D » A, 

opproachet  the  value  or  2.  Thlt  approximation  it  mode  in  thlt  tlmple  model,  y^is  the  extinction  coefficient,  r the  trans- 
rnitllon  through  rain  and  L tho  atmotpheric  path  In  km. 


T at  a function  of  R and  L after  Equ.  (17),  (18),  (W  it  presented  in  Fig. 2.  The  integration  has  been 
performed  between  0. 1 and  5 mm  drop  diameter.  (The  contribution  to  the  Integ.alt  from  smaller  aid  larger  drops  Is  negligible^ 


4.  EXPERIMENTAL  AND  COMPUTATIONAL  RESULTS 

4. 1 ANALYSIS  OF  DIFFERENT  EXTINCTION  CONTRIBUTIONS 

In  the  follo>  ins  section  examples  of  the  diurnal  variation  of  extinction  coefficients  from  our  reuvn* 
ments  at  0.63,  10.6  pm  end  in  the  vlioal  range,  together  with  different  extinction  contributing  atmospheric  constituents 
are  presented. 

Fig. 3a  shows  the  extinction  coefficient  y in  the  visual  spectral  region  with  the  aerosol  population  n^,  which  means  the 
aerosol  population  In  the  radius  range  0.2  - 1.5  microns^ measured  by  moans  of  the  Royco  oe.-oso!  counter.  Fig.  3 b indicates 
the  measured  extinction  coefficients  ot  10.6  mlcronryjg  ^ (exp,)  and  the  computed  extinction  after  Equ.(7),  y^  ^ (fheor.) 
together  with  the  computed  absorption  coefficient  for  water  vapour  km  (H^O)  (after  Equ.(8))  arid  carbon  dioxide  km  (CO^ ) 
(after  Equ. (9)).  In  this  figure  the  carbon  dioxide  concentration  is  fixed  on  s00  ppm:  therefore  the  curve  mirrors  the  diurnal 
variation  of  fhe  air  temperature,  in  Fig,  3c  the  aerosol  population  nj  is  plotted,  where  n^  is  the  aerosol  population  In  the 
radius  range  1.5  - 10.0  urn  measured  hy  the  Rovco  aerosol  counter.  Finally  in  Fig. 3 d the  diume!  variation;  of  tho  cEcc -• 
lute  (Ha)  ond  relative  (Hr)  humidity  ore  shown.  The  time  resolution  of  fhe  extinction  coefficients  as  v'ell  as  the  count  rate 
of  the  Royco  counter  was  10  minutes,  whereas  the  time  resolution  of  the  computed  values  ond  thw  meteorological  data  was 
30  minutes, 

Fig, 3 shows  that  In  the  case  of  fog  (visibility  £ i km)  the  courses  of  y^ , y^  ^ (exp.)  aid  n^  are  In  goad  agreement. 

The  course  of  nj  Is  - as  expected  - different.  During  light  and  moderate  fog  the  relation  7jq  7v|t  Wd*.  For  dsns* 
fog  (visibility  S 0.2  km)  one  obtains:  y^  «*  y . If  the  visibility  becomes  greater  than  1 kilometer  the  Influence  of 
nj  to  y^  becomes  evident  as  It  can  be  teen  after  noon.  Here,  y^  ^ continues  following  n^.  The  insufficient  consideration 
of  the  aerosol  by  Equ. (7)  lit  demonstrated  by  the  course  of  y^  ^ (theor.).  ^ (theor.)  is  simile  to  the  course  of 

An  additional  diurnal  variation  Is  presented  In  Fig, 4.  Part  a)  shows  n^  end  Instead  ofy^  at  in  Flg,3  the  extinction  coeffl- 
elent  y^  ^ of  H*N#-loser  radiation  It  shown.  Part  b demonstrates  y^  ^ (exp.),  km  (CO,p  ond  km  (H^O).  In  part  c the 
aerosol  population  nj  Is  plotted,  whereas  part  d shows  the  diurnal  course  of  Hr  and  Ho. 

Th®  courses  of  n j end  y^  coincide  fairly  wall  until  noon,  No  analogy  can  be  seen  between  the  course  of  y^  ^ ond 
nj.  As  In  Fig. 3 y^  ^ (exp.)  follows  to  some  extend  tij.  Partially  the  relation  yjj  ^ < y^g  ^ fexp.)  holds.  Comparing 
Fig. 3 and  4 this  relation  ncy  be  explained  by  a reduced  aerosol  population  n j In  Fig. 4 (approx. factor  3),  whereat  the 
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aerosol  population  ii  about  the  tame.  A further  diumal  variation  ij  plotted  in  Fig. 5.  Part  a)  shows  the  extinction  coeffi- 


cient! v 


0.63 


and  y ^ , part  b)  the  extinction  coefficient  y ^ ^ together  with  y^  ^ (theor.)  and  km  (H^O)  and  km  (CO^). 
(A  mean  carbon  dioxide  concentration  of  300  ppm  atiumcd).  Part  c)  demonitratei  the  relative  and  abiolute  humidity.  F|g.5a 
ihow«  an  analog  course  of  y g ^ , yjQ  ^ (exp.)  and  to  tome  extend  of  y^  , From  4 to  6 a.m.  the  fluctuation!  of  the  ex- 
tinction coefficient!  are  cauied  by  precipitation.  The  course  of  y^  ^ (theor.)  bean  analogy  to  the  course  of  y^j  , but 
there  it  no  coincidence  with  y^  (exp.). 


The  whole  data  let  of  about  60  aayi  wai  statistically  procei*ed . Mean  correlation  coefficient!  between  leveral  parameter 
combinations  are  presented  in  table  2. 


Table  2:  Mean  correlation  coefficients 


correlation  values 

correlation  coefficient! 

number  of  d~yi 

H°/ >10.6  *oxp^ 

- 0.0449 

49 

’'vi,/>'l0.6(oxp') 

0.21 

38 

’,0.63/>'l0.6(eXp) 

0.39 

24 

Hr  /\i, 

0.25 

^ 38  _J 

The  next  table  shows  the  trial  to  clasiify  the  relationship  between  y and  y^  ^ (exp.)  for  different  visual  ranges. 


Table  3:  Mean  co>relafion  coefficients  y^  / y^  ^ for  different  visual  ranges 


atmospheric  condition 

visual  range 

correlation  coefficient 

number  of  days 

moderate,  dense,  thick  fog 

< 0,5  km 

0.72 

5 

light  fog 

0.5  km  < <,  1 km 

0.51 

5 

thin  fog 

1 .0  kin  < VN  £ 2 km 

0.41 

6 

haze 

2.0km<V^:S  4 km 

- 0.07 

16 

light  haze 

4.0km<VN5Tl0  km 

0.11 

32 

clear 

Vjyj  > 10  km 

- 0.07 

24 

The  low  correlation  coefficients  in  table  2 clearly  show  that  Investigations  of  the  relationship  between 
atmospheric  transmission  at  X ” 0.63  jjm,  X = 10. 6 and  In  the  visual  range  cor  only  be  done  by  selecting  special  me- 
teorological conditions  where  several  extinction  contributing  atmospheric  parameters  cm  be  fixed  or  neglected,  so  that  ex- 
tinction by  one  parameter  Is  domineer!.  Table  3 demonstrates  that  for  fog  (thick,  dense,  moderate,  light)  and  to  some  extend 
for  thin  fog  the  relationship  Is  fcldy  close  because  of  the  dominance  of  giant  particles.  Therefore  It  Is  obvious  that  extinc- 
tion at  10.6  gni  Is  by  a factor  of  about  4 smaller  with  the  trend  to  equality  at  dense  fag,  when  compared  with  the  visual 


range. 
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ABSORPTION  BY  WATER  VAPOUR  AND  CARBON  DIOXIDE 


Selected  meteorological  situations  will  be  discussed  where  extinction  by  aerosols  It  approximately  conutant. 

In  both  following  figure!  a diurnal  mean  of  the  carbon  dioxide  concentration  It  used. 

Fig. 6 demonstrates  a diurnal  variation  with  an  approximately  constant  course  of  while  n^  partially  fluctuates.  Fig.  6a 
Indicates  the  course  of  y^  ^ and  nj.  To  some  extend  the  similarity  is  obvious.  In  Fig. 6 b y^  ^ (exp.),  km  (H^O)  ond 
km  (COj)  are  plotted.  Finally  part  c)  shows  the  aerosol  population  n ^ whereot  In  part  d)  relative  ( Fir)  and  absolute  (Ha) 
humidity  are  presided.  The  rel ;tionshlp  botwoen  y^  ^ (exp.)  and  Ha  from  3 a. m.  to  2 p.m.  Is  evident. 

A further  example  which  points  out  the  relationship  between  y^g  ^ and  Ha  is  illustrated  in  Fig. 7.  Fig.  7 a shows  yjg  ^ (exp.), 
y10  6 ^oor'*'  *an  arid  km  (COj),  Fig. 7 b presents  the  diurnal  variation  of  the  absolute  humidity,  in  table  4 corre- 

lation coefficients  y^g  / Ha  are  listen.  Part  a)  shows  correlation  coefficients  for  an  approximately  constant  aerosol  popu- 
lation part  b)  presents  correlation  coefficients  for  visibilities  exceeding  15  kilometers. 

Table  4:  Correlation  coefficients  y^g  ^/Ha 


Part  a):  oerosol  population  n^  approximately  constant 


date 

10  23  76 

10  24  76  | 10  26  76  j 

1 - --  1 

06  24  77 

mean 

*10.  A/Ha 

0.49 

l 

0.64  0.76  [ 

0.56 

0.61 

Part  b):  visibility  2 15  km 


date 

10  04  76 

| 10  07  76 

10  12  76 

10  15  76  : 07  27  77 

moon 

*ioVHa 

; 0.94  | 

0.63  ^ 

0.61 

0.75  j 0.52 

0.69 

1 

Table  4 shows  firstly  the  supposed  relationship  between  COj-loser  transmission  and  atmospheric  water  vapour,  seconu'v 
that  In  general  It  Is  difficult  to  study  soperately  the  Influence  of  one  extinguishing  atmosphoric  constituent  on  transmission 
without  disturbances  by  other  constituents. 

A further  lack  is  the  short  meosuring  range  (length  0, 32km). In  general  reduction  of  CCj-laser  transmission  from  water  vapour 
was  about  4 percent  at  the  range.  Therefore  the  Influence  of  water  vapour  can  easily  bi  hidden  by  other  quantities.  The  ex- 
tinction contribution  from  carbon  dioxide  to  CO„-las*r  radiation  It  imoller  If  compared  with  extinction  by  water  vapour 

M. 

(about  2-3  percent  at  our  range).  Because  of  the  drift  of  the  carbon  dioxide  measuring  device  only  mean  diurnal  values 
could  bo  used  to  give  an  order  of  magnitude  of  carbon  dioxide  extinction. 

4.3  EXTINCTION  BY  AEROSOLS 

To  study  the  Influence  of  atmospheric  aerosols  meteorological  situations  were  selected  where  km  (HjO) 
was  approximately*  constant  or  negligible  In  comparison  to  y^.  km  ( CO 2 ) Is  always  smaller  compared  to  km  (H^O). 

Figure  8 a demonstrates  the  diurnal  variations  of  y j and  y^  ^ (exp.).  In  part  b)  the  aerosol  population  K1  - K5 
(channel  1 - 5)  are  plotted  (see  table  1).  Finally  port  c)  shows  the  diurnal  course  of  the  absolute  and  relative  humidity. 

Looking  at  Figure  8 a one  confirm*  that  the  courses  of  y | and  yjg  6 (exp.)  coincides  fairly  well.  Until  6 a.m.  during 
dense  fog  the  courses  of  y j cmdyjg  ^ (exp.)  ore  practically  identical.  In  this  time  extinction  by  particles  In  the  radius 
range  1.5-  10.0  jjm  is  dominant. 

From  6 a.m.  on  y ^ (exp.)  follows  the  course  of  K4  and  K5,  whereas  the  course  of  yy(|  Is  essentially  determined  by  the 
particle  populations  K1  - K3. 

A further  exon^e  which  emphasizes  the  Influence  of  aerosols  an  extinction  Is  given  In  Fig, 9.  Innead  of  K1  - K5  In  Flg.S 
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here  and  are  plotted  In  part  b).  As  in  Fig.C  the  analog  court*  of  y^Q  ^ (exp.)  and  is  evident.  During  fog  the 
relation  y^  < y . holds  again.  Without  regard  to  fog  the  Influence  of  n^  on  y^  becomes  obvious. 

To  show  the  extinction  due  tc  the  diffetent  aerosol  size  ranges  simple  statistical  calculations  were  performed.  Table  5 
shows  correlation  ond  regression  coefficients. 

Table  5:  Mean  cor  .elation  and  linear  regression  coefficients  ( A = slope,  B = intercept) 


r . - - - I 

corf  elation  values 

correlation  coefficient  ] 

regression  coefficient 

number  of  days 

i 

A 

B 

K3^10.6 

0.43 

0.11 

0.11 

n 

K4/*10.6 

0.67 

1.23 

1.04 

n 

K5/y,0.6 

0.75 

6,50 

1.03 

ii 

\n2/>W.6 

0.71 

1.34 

l.Oi 

1 n / y . 

, 2 'vis 

0.54 

2.64 

1.78 

10 

n2  7^0.63 

0.27 

3.55 

0.44 

2 

"l^vls 

0.33 

0.01 

1.97 

11 

0.59 

0.C1 

0.52 

! 2 

i 

The  results  show  the  predominant  influence  of  giant  aerosol  particles  on  CO^-laser  extinction.  Furthermore  it  is  obvious 

fisM  tise  satinet* cti  b"  smeller  ncr^!c!-!  csrr.st  be  »*s#<i!scted>  Thi  !cv^  ccrr— n f ***  Is  ccussd  b'(  the 

t r « 1 ' vis 

fact  that  only  selected  measuring  days  were  evaluated  with  .espect  to  COj-laser  extinction, 

4.4  COMPUTED  EXTINCTION  BY  AEROSOL  VIA  M1E  THEORY 


It  has  been  shown  that  the  computation  of  extinction  due  tc  aerosols  via  simple  meteorological  records 
like  visibility  and  relative  humidity  generally  Is  not  possible, Section  4 clearly  demonstrated  empirlcally-in  agreement  with 
Mia's  theory-tbot  particles  in  the  radius  range  0.6  - 10  jjrti  are  the  moln  contributors  to  CO^ -laser  extinction.  Therefore 
equation  (16)  was  used  instead  of  equation  (10)  to  compute  the  extinction  by  aerosols.  The  aerosol  size  distribution  was 
measured  by  a Soyco  and  a PMS  aerosol  counter  (see  table  1). 

The  Fig.  10  and  11  give  a good  comparison  between  measured  and  computed  CO„-laser  extinction  vlo  Equ.  (8),  (9),  (16). 

In  both  figures  the  diurnal  variation  of  y^  ^ (exp.)  and  y^  ^ (theor.^is  presented.  Additionally  the  complex  Index  of 
refraction  used  fUr  Mte  calculations  as  well  as  the  aerosol  measuring  device  Is  specified. 

Both  figures  show  that  in  case  of  fog  there  is  a surprisingly  good  agreement  within  a factor  2 between  measurement  and 
calculation.  Without  fog  the  deviations  become  larger.  The  main  reason  Is  the  rough  size  resolution  of  the  Rpyco  counter. 
Other  uncertainties  with  regard  to  Mie  calculations  shall  not  be  d!scus>>ed  at  this  point. 

Fig.  12  presents  the  diurnal  variation  of  extinction  In  the  visual  range  ( 7^)  ond  at  0.63  fim  ( y^  ^j),  The  third  curve  is 
the  calculated  HeNe-laser  extinction  coefficient  via  the  measured  aerosol  size  distribution  by  □ PMS  device.  Additionally 
the  complex  Index  of  refraction  Is  given.  To  some  extend  there  is  a rather  good  agreement  between  measured  and  calculated 
HeNe-laser  extinction.  The  deviations  may  be  caused  by  the  upper  limit  of  the  measuring  range  of  the  PMS  device 
(ASA5-3O0  B).  A furtfier  lack  is  that  all  oerteoi  measurements  ot  the  range  were  point  measurements.  It  is  known  that  the 
measuring  results  may  be  changed  due  to  atmospheric  turbulence  and  the  sensibility  of  the  aspiration  systems  against  wind 
velocity  end  direction. 
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4.5  EXTINCTION  BY  RAIN 

The  quality  of  the  rain-extinction  model  presented  In  lection  4.3  has  been  checked  for  17  cam  of 
rainfall  wl*h  a totol  amount  of  approximately  640  measuring  points  taken  during  32  hours  of  precipitation. 

As  a typical  example  one  of  the  17  rain  cases  Is  plotted  In  Fig.  13.  Part  a)  shows  the  course  of  the  transmission  on  July  19 
according  to  calculation  (full  line)  and  from  measurements  In  the  photoplc  range  (doshed  line),  for  0.63  (dosh-dotfed) 
and  at  10.6  jim  (dotted  line).  Relations  between  T , Tjq  ^ and  Tq  ^ heve  been  discussed  elsewhere  (sect!on4).  Here 
we  concentrate  only  on  Tjq  ^ end  Tcol  end  obtain  the  following  gross  features  : 

The  trends  in  both,  calculated  and  measured  transmission  agree  folrly  well  In  oil  cases.  However,  o systematic  posltlv 
difference  ( 7 | - ^)  Is  observed  In  practically  all  cases.  This  difference  can  be  explained  by  a neglected  onrosol  and 

molecule  o>  unction.  The  total  calculated  transmission  would  be  obtained  by  multiplication  of  the  rain  case  with  the  trans- 
mission due  to  all  other  atmospheric  constituents  (e.g.  from  LOWTRAN). 

Sharp  peaks  In  the  measured  (and  calculated)  transmission  coincide  very  well  with  those  of  ihe  rain  rote  (part  b).  The  lar- 
gest differences  between  calculation  and  measurement  occur  for  high  rain  rotes, as  to  be  seen  from  part  c,  where  T^/f^Q  £ 
is  plotted.  The  reason  is  twofold: 

The  evaluation  of  the  rain  rate  introduces  the  largest  errors  for  high  rain  rates,  because  It  Is  obtained  by  differentiating 
the  rainfall -recorder  curve.  Furthermore  the  raindrop  spectrum  Itself  moy  be  erroneous  for  heavy  rainfall,  os  already  Indi- 
cated earlier. 

Finally  It  can  be  said  that  the  simple  model  gives  surprisingly  good  results.  Statistical  calculations  showed  a mean  value 
for  Tcal^lO  6 ' -34.  mean  correlation  coefficient  for  all  17  rain  coses  turned  out  to  be  0.83. 


5.  CONCLUSIONS 


Measuremwits  with  our  laser  tronsmlsso meter  show  that  In  general  a prediction  of  atmospheric  extinction 
at  0.63  and  10.6  jjm  from  meteorological  parameters,  e.g.  relative  humidity,  absolute  humidity,  air  temperature,  air 
pressure  and  visibility  Is  not  possible. 

treasuring  visibility  only  oeorosol  particles  In  the  radius  region  0.2-  1,0  jjm  are  taken  Into  account,  whereas  CO^-laser 
extinction  Is  essentially  detennlned  by  the  particle  radius  range  0.5  - 15,0  p m.  Therefore  the  only  way  to  Improve  the 
mathematical  description  of  HeNe-and  CO^-loser  radiation  extinction  In  the  atmosphere  seems  to  be  possible  by  the  accurate 
measurement  of  rh*  oerosoi  size  distribution  with  sufficient  size  resolution  as  Input  for  Mie  calculations  together  with  the 
obove  mentioned  meteorological  parameters.  Further  research  has  to  prove  to  whot  extend  Information  of  the  aerosol  size 
distribution  con  be  derived  from  meteorological  data  including  air  mass  analysis  end  die  history  of  the  general  weather 
pattern  [20].  Analog  to  the  visibility  cn  additional  quantity,  e.g.  the  transmission  at  10,6  micrortflttelf  may  have 
to  be  added  to  the  dally  usual  set  of  meteorological  data  to  be  able  to  predict  additionally  Infrared  trensmlMlon.  The  uso  of 
aerosol  counters  seems  to  be  restricted  to  research  work,  and  cannot  be  recommended  for  routine  meteorological  work. 
Extinction  by  rain  seems  to  be  descrlbable  by  an  Improved  rain  model  Including  the  actual  measurement  of  the  rain  drop 
size  distribution  or  at  least  accurate  data  on  rain-rates, 
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Fig. 3:  Diuma!  variotlon  on  Oct.23,  1?76. 

a)  Extinction  coefficient  y^  with  aerosol  population  n^  (radius  range:  0.2  - 1.5  pm). 

b)  Extinction  coefficient  y^Q  ^ (exp. ) with  y^  (theor.)  and  absorption  by  molecules,  km  (H^O), 

km(C02). 

c)  Aerosol  population  r\^  (radius  range:  1.5  - 10.0  pm). 

d)  Relative  (Mr)  and  absolute  (Ha)  humidity. 


F|g. 4:  Diurnal  variation  on  June  25,  1977, 

a)  Extinction  coefficient  y^  ^ with  aerosol  population  (radius  range:  0.2  - 1.5  pm). 

b)  Extinction  coefficient  y ^ ^ (exp.)  with  absorption  by  molecules  km  (H00)  and  km  (CO„). 

j c)  Aerosol  population  (radius  range:  1.5  - 10.0  pm). 

1 d)  Relative  (Hr)  and  absolute  (Ha)  humidity. 
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Diurnal  variations  on  June  24,  1977. 

a)  Extinction  coefficient  y^  ^ <>*rosol  population  n ^ (radius  rang*:  0.2  - 1.S  pm). 

b)  Extinction  coafflclant  y^  ^ (exp,)  and  absorption  by  molaculas  km  (H^O)  and  km  (CO^) 

c)  Aerosol  population  (rodluo  range:  1.5  - 10.0  pm). 

d)  Relative  (Hr)  and  absolute  (Ha)  humidity. 


Diurnal  variation  on  July  19,  1977. 

a)  Extinction  coefficients  y^  ^ and  y j . 

b)  Extinction  coefficients  y)Q  ^ (exp.)  and  y,0  (th*ar.)  with  absorption  by  molecules  km  (HjO)  and 
km  (COj). 

c)  Relative  (Hr)  and  absolute  (Ha)  humidity. 


DIumal  varfcHan  on  Oct.  28,  1976, 

a)  Extinction  coefficient  y^  end  y1Q  6 (*xp,). 

b)  Aaoroto!  population  n^  (radio*  rang*:  0.2  - 1.5  pm)  and  n 2 (radio*  rang*:  1,5  - 10.0  pm). 

c)  Relative  (Mr)  md  cfetolut*  (Ha)  humidity. 


m - 1.720  - 0,0*3  I 
Me*  I 223  of  My* 


Diumol  variation  of  manured  ( y)Q  ^ (*xp.))  and  computed  ( y^  & (th*or4)  COj-laMr  radiation  *xtlncHon 
coefficient  on  Oct,  27,  1976. 


DISCUSSION 


J.Rottger,  FRG 

It  seems  to  me  that  the  calculated  and  measured  transmission  curves  show  a phase  shift  of  a few  minutes.  Is  this 
shift  significant? 

Author’s  Reply 

The  transmission  was  calculated  assuming  a Marshall  Palmer  raindrop  size  distribution  and  using  the  rain  rate 
measured  at  the  range.  Rain  rate  recordings  and  laser  transmission  recordings  are  different  recordings.  Therefore, 
the  shift  is  caused  by  the  limited  time  resolution  (within  a few  minutes)  of  the  recordings. 


L.F.Drummeter,  US 

Could  you  discuss  the  calibration  irocedure  for  the  transmissiometer  described? 

Author’s  Reply 

The  intensity  is  measured  when,  by  means  of  a spherical  mirror,  the  laser  beam  is  focussed  on  a detector  The 
measurements  are  carried  out  twice  daily  't  each  end  o,  a 320  meter  measurement  range.  From  the  two  measured 
intensities  the  actual  transmission  may  be  calculated. 
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SUMMARY 

In  order  to  support  electro-optics  system  planners,  designers  and  users  with  probability 
of  occurrence  information  on  surface  marine  propagation  conditions,  techniques  have  been 
developed  to  convert  large  quantities  of  previously  stored  weather  products  to  statistics 
of  specific  propagation  parameters.  The  meteorology  to  propagation  parameter  models  in- 
clude Lovtran  3B,  which  converts  temperature  and  absolute  humidity  to  absorption 
coefficients,  Naval  Postgraduate  School  semi-empirical  models,  that  convert  air-sea  tem- 
perature difference  and  surface  winds  to  the  refractive  index  turbulence  structure  function 
C^,  and  an  aerosol  model  that  uses  wind  and  relative  humidity  to  produce  both  aerosol  size 
and  number  distributions,  and  a complex  indox  of  refraction.  Using  a modified  Monte  Carlo 
approach  that  preserves  correlations  between  meteorological  parameters,  these  statistics 
are  coupled  to  E/O  system  models  in  order  to  calculate  the  probability  of  performing 
various  system  tasks  versus  target  range  in  a variety  of  marine  locations.  Optical  sys- 
tems in  both  visible  and  IR  wavelength  bands  have  been  studied. 


T ntroduc  t ion 


A number  of  e lec t ro - opt ical  systems  are  in  various  stages  of  development  and  will 
hopefully  be  released  for  Fleet  use  beginning  in  a few  years.  These  include  applications 
in  connection  with  surveillance,  intelligence  gathering,  ASMD  search  and  track  and  weap- 
ons control.  Due  to  the  degrading  influence  that  the  marine  atmospheric  conditions  have 
on  visible  and  IR  wavelengths  associated  with  these  systems,  it  is  important  that  early 
in  the  design  stages  these  systems  are  optimized  for  use  in  such  environments.  This 
optimization  procedure  includes  a proper  mix  of  optical  bands  to  keep  effectiveness  con- 
stantly higli  and  prevention  of  expensive  over-design  that  cannot  he  used  a large  percen- 
tage of  the  time.  The  systems  analyst  plays  an  important  role  in  this  procedure  and 
should  have  available  statistical  information  on  atmospheric  conditions  and  their 
influence  on  system  components  for  all  locations  it  which  these  systems  must  operate. 

A first  step  in  determining  quantitatively  the  atmospheric  limitations  on  system  use 
is  to  specify  the  optical  parameters  that  describe  the  magnitude  of  the  interaction  of 
optical  waves  with  specific  environmental  conditions.  This  listing  would  include  the 
atmospheric  turbulence  structure  function  C.,,  aerosol  extinction  values  for  various  wave- 
lengths or  bands  and  molecular  absorption  when  applicable.  Since  average  values  of 
meteorological  parameters  are  readily  available  from  marine  atlases,  the  development, 
improvement  or  collection  from  the  £/0  communi ty - at  - 1 arge  of  propagation  codes  relating 
optical  parameters  to  atmospheric  conditions  allows  one  to  determine  nominal  operating 
conditions  for  areas  of  interest.  Unfortunately  this  procedure,  while  providing  a set 
of  inputs  for  system  codes,  does  not  allow  for  determination  of  statistical  effectiveness 
for  different  system  configurations.  When  considering  the  cost  for  new  systems,  it  is 
not  an  unjust  question  for  the  operational  community  to  ask,  "Just  how  often  can  I expect 
to  effectively  use  this  system?"  In  order  to  help  answer  these  questions  a program  was 
initiated  to  do  a statistical  evaluation  of  propagation  conditions  in  marine  environments. 
Emphasis  has  been  placed  on  TV,  l.Obym  designator  and  FL1R  optical  bands.  The  basic 
premise  as  shown  in  block  diagram  form  in  Figure  1 was  to  acquire  large  quantities  of 
stored  meteorological  raw  products  from  ship  reports  and  convert  each  observation  individ- 
ually into  a set  of  propagation  parameters  using  propagation  codes  obtained  from  the  F/0 
community.  These  multiple  sets  of  propagation  parameters  were  converted  into  a probabil- 
ity of  occurrence  statistics  and  randomly  selected  to  yield  a small  subset  for  driving 
system  codes.  The  codes  used  and  the  procedure  for  using  this  large  matrix  of  data  will 
be  described  in  subsequent  sections  of  this  report. 

Pr opagatior.  Codes  and  Sources  of  Data 

The  majority  of  the  meteorological  ship  data  was  obtained  from  the  National  Climatic 
Center  in  Asheville,  North  Carolina.  They  process  and  store  weather  reports  from  ships 
ot  u.s.  and  ioreign  registry  in  addition  to  ll.S.  government  ships.  Most  of  these  ships 
report  synoptic  weather  observations  by  radio  while  underway.  This  historic  surface 
marine  data  file  is  known  as  Tape  Data  Family  - 11  (TDF-11)  and  presently  consists  of 
approximately  SO  million  observations.  There  are,  however,  collection  problems  inherent 
in  this  world-wide  marine  data  file.  The  uncertainties  of  TDF-11  are  attributed  to 
different  levels  of  observer  experience  in  recording  the  state  of  marine  environment  from 
an  unstable  platform  and  paucity  of  observations  over  certain  large  areas  of  the  ocean. 
Anuther  ambiguity  has  been  induced  by  improved  radio  communication  and  optimum  track  ship 
routing.  These  advances  have  increased  the  likelihood  of  "fair  weather  bias"  (i.e,,  a 
decrease  in  frequency  of  heavy  weather  observations). 

This  latter  uncertainty  car.  be  reduced  by  considering  observations  from  a unique 
subset  within  TDF-11.  The  Ocean  Weather  Station  (OWS)  section  of  TDF-11  contains  data 
that  are  nearly  serially  complete  for  relatively  fixed  locations  at  sea.  Experienced 
meteorological  personnel  aboard  0W5  vessels  record  the  state  of  the  marine  environment  at 
least  eight  regularly  scheduled  times  a day.  The  standard  synoptic  observation  times  ave 
midnight,  Greenwich  Mean  Time,  and  at  three  hour  intervals  thereafter. 

The  most  important  set  of  parameters  from  each  observation  included  aiT,  sea  and  dew 
point  temperatures,  wind  speed,  barometric  pressure,  visibility  and  present  weather  con- 
dition (rain  type).  The  surface  observations  also  include  cloud  height  and  coverage  which 
will  be  used  in  future  guided  projectile  effectiveness  studies  and  ship  signature  studies 
respectively  where  cloud-free  line  - of- sight  statistics  are  needed. 

The  computer  code  that  was  developed  to  convert  the  weather  data  to  optical  parameters 
can  be  broken  down  into  the  following:  (1)  molecular  absorption  coefficients  as  a function 
of  air  temperature  and  absolute  humidity  derived  from  Lowtran  3B  calculations^  (2)  semi- 
empirical  turbulence  model  relating  the  refractive  index  structure  constant  CN  to  air-sea 
temperature  different,  surface  winds  gradient,  and  absolute  humidity;  (3)  aerosol  model 
that  uses  relative  humidity  and  wind  speed  to  produce  an  aerosol  size/number  distribution, 
a complex  index  of  refraction  and  finally  aerosol  extinction  values. 

The  Lowtran  3B  code  developed  at  AFGL1  provided  transmission  calculations  for  evenly 
space  wavelengths  in  the  8-12wm  and  3.4-5um  band  at  various  values  of  temperature,  water 
vapor  (gm/m*)  and  range.  For  a given  absolute  humidity,  temperature  and  range  each  trans- 
mission value  was  weighted  by  the  thermal  derivative  of  Planck's  radiation  equation  (300'K 
source).  These  values  were  then  averaged  over  wavelength  to  provide  an  effective  trans- 
mission for  the  two  IR  bands.  This  effective  transmission  value  for  a specified  atmospheric 
condition  was  converted  into  an  effective  molecular  absorption  coefficient  (Rm'1)  by 
assuming  an  exponential  decrease  with  range.  These  effective  extinction  coefficients  were 
used  to  derive  a scaling  law  for  temperature  and  water  vapor  content.  This  scaling  law 
was  necessary  since  tens  of  thousands  of  calculations  are  needed. 
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The  scaling  laws  for  the  3.4-5nm  and  8-12um  bands  (over  a 10  kilometer  path)  arc 
shown  as  function  of  temperature  (10;  20  and  30cC)  and  absolute  humidity  (gm/m5)  in 
figure  .1.  The  most  obvious  feature  of  these  band  comparisons  is  the  large  difference  in 
the  molecular  absorptions  at  high  absolute  humidities.  In  humid  marine  locations  (within 
30°  of  the  equator)  where  visibilities  tend  to  be  20  kilometers  or  better,  the  calculated 
performance  statistics  for  IR  imaging  systems  are  directly  related  to  this  difference  in 
molecular  absorption.  This  difference  in  molecular  absorption  increases  as  the  perfor- 
mance range  extends  beyond  10  kilometers.  The  effective  molecular  absorption  coefficient 
in  the  3.4-Spm  band  decreases  by  approximately  401  over  a 30  kilometer  path  due  primarily 
to  the  importance  of  individual  absorbing  lines  that  deplete  large  amounts  of  radiation 
in  the  first  few  kilometers.  In  the  8-12pin  band  the  dominant  absorption  mechanism  is  the 
gaseous  ll;0  continuum  which  is  a slowly  varying  effect  over  the  entire  wavelength  inter- 
val. This  slow  variation  with  wavelength  causes  only  a minor  range  dependence  for  band 
overaged  effective  molecular  absorption  coefficient  associated  with  this  band. 

The  basic  aerosol  distribution  model  used  in  this  report  was  provided  by  Dr.  Mike 
Munn2 , Lockheed,  Palo  Alto,  California.  This  model  was  developed  by  fitting  data  that 
was  taken  over  water  and  published  in  the  open  literature.  It  uses  relative  humidity  and 
wind  speed  to  calculate  an  aerosol  size  and  number  distribution.  Constants  associated 
with  the  wind  velocity  were  changed  to  improve  comparisons  with  aerosol  distributions  and 
scatteiing  data  taken  by  the  Optical  Science  and  the  Atmospheric  Sciences  Branches  at  the 
Naval  Research  Laboratory.  Mie  scattering  calculations  were  done  with  a four  region  closed 
form  approximation  scheme  developed  by  Van  De  Hulst*.  Comparisons  with  full  Mie  codes 
indicate  a maximum  St  error.  The  complex  index  is  varied  from  that  of  a high  concentration 
salt  water  mixture  to  pure  water  as  aerosols  grow  with  increasing  relative  humidity. 

A direct  comparison  of  this  aerosol  extinction  model  (K/R)  and  the  Lowtian  3B  Maritime 
model  is  found  in  Figure  3 where  the  relationships  between  visible  (.55pm)  and  8- 12pm 
extinction  are  plotted.  The  X/R  curves  represent  pairs  of  extinction  values  for  RF  from 
70-984  (five  curves)  and  equally  spaced  wind  speed  from  1-17  m/sec  (nine  per  curve).  The 
most  obvious  difference  is  the  lack  of  uniqueness  in  relating  t ( . 5 5 ) to  values  in  other 
bands  (K/R  calculations).  Each  pair  of  wind  speed  and  RH  creates  its  own  distinctive 
wavelength  relationship  that  in  the  case  of  the  8-l2pm  band  varies  from  20:1  at  good 
visibilities  to  2:1  at  a 2 km  visual  range.  The  Lowtran  Maritime  model  has  a constant 
4.76:1  ratio  which  falls  in  the  center  of  the  K/R  variation.  The  K/R  calculations  are 
more  optimistic  in  the  IR  regions  for  good  visibilities  while  being  more  pessimistic  in 
the  more  turbid  windy  conditions. 

Before  using  the  K/R  model  aerosol  extinctions  in  systems  performance  calculations  n 
series  of  trials  were  made  comparing  a calculated  visibility  to  the  observer  estimated 
visual  range  (EVR) . Since  the  purpose  of  these  calculations  was  to  provide  the  Navy 
community  with  statistical  performance  of  their  E/0  systems,  it  was  felt  necessary  that 
any  aerosol  extinction  model  used  in  these  calculations  should  relate  well  to  the  stored 
visibility  data  in  both  a direct  and  statistical  manner.  The  three  hundred  per  season 
random  sets  of  observations  from  OWS  and  passing  ships  were  used  with  the  K/R  model  for 
this  comparison.  Each  observation  provided  an  estimated  visual  range  and  the  meterolo- 
gical  parameters  necessary  to  calculate  a visual  range  (VR) . The  calculated  VR  assumed 
a two  percent  threshold  of  brightness  contrast  and  a BGUguer- Lambert  Law  (Beers'  law) 
for  atmospheric  attentuation  with  range1': 

VR  calc.  - 3.91/t(.S5)  calculated 

The  observations  and  calculations  for  each  season  were  compared  in  a cumulative  probability 
form.  The  results  are  plotted  in  Figure  4 for  winter  and  summer  seasons  at  the 
Mediterranean  (WD2)  and  Ship  J locations  (WDJ).  The  straight  line  segmented  curves 
(VISD  X)  in  these  figures  represent  the  cumulative  probabilities  of  tne  EVR's  while  the 
noisy  curves  (VISC*)  represent  the  calculated  visual  ranges. 
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their  respective  ranges  (re:  EVR  at  20  km  were  equally  weighted  between  20  and  50  kms) , 
the  medium  estimated  visual  range  increased  from  15  km  in  Winter  J to  over  35  km  in 
Winter  Med.  This  large  variation  in  medium  EVR  was  tracked  very  well  by  the'  model  cal- 
culations. At  all  visibilities  below  one  kilometer  the  model  calculation  of  visual  range 
was  forced  to  be  equal  to  the  EVR. 

The  previously  described  molecular  absorption  and  aerosol  extinction  models  were 
combined  with  sets  of  weather  observations  to  produce  individual  sets  of  optical  para- 
meters related  to  TV,  1.06um  and  two  FLIR  systems.  These  sets  of  propagation  parameters 
were  then  used  individually  in  systems  performance  calculations  and  collectively  for 
probability  of  occurrence  statistics.  Examples  of  these  curves  for  the  8-12um  band  are 
shown  in  the  next  two  figures  (5  and  6). 

In  Figure  5 sets  of  curves  represent  the  seasonal  variation  in  the  cumulative 
probability  of  occurrence  of  the  total  molecular  absorption  and  the  aerosol  extinction 
for  Weather  Ship  J and  a combined  Eastern  and  Western  Mediterranean  data  set.  The 
ordinate  is  the  probability  that  the  specific  parameters  will  be  equal  to  or  greater  than 
the  abscissa  value.  The  seasons  are  three  months  long  with  SP  denoting  the  spring  months 
of  March,  April  and  May.  The  summer  (SU) , fall  (FA)  and  winter  (WI)  seasons  correspond 
to  sequential  sets  of  three  month  periods. 

The  North  Atlantic  Ship  J calculations  reveal  higher  aerosol  extinction  values  but 
lowei  molecular  absorption  coefficients  than  does  the  Mediterranean  data.  This  is  a 
consequence  of  higher  winds  and  relative  humidity  and  lower  absolute  humidity  in  the 
Ship  J location. 


In  Figure  6 the  same  parameters  are  plotted  together  with  the  statistics  of  the 
total  extinction  coefficient  for  the  summer  and  winter  months.  In  the  North  Atlantic, 
aerosols  dominate  the  8- 12pm  total  extinction  20-  354  of  the  time  depending  on  the  season 
and  location.  In  this  region  the  total  extinction  values  and  statistics  are  more  suspect 
than  those  in  the  Mediterranean  due  to  thr  greater  uncertainties  in  the  aerosol  models. 
This  variation  in  aerosol  influence  with  changing  location  and  season  is  even  more  acute 
in  the  3. 4-Sum  region. 


System  Performance  Considerations 


The  performance  range  for  a particular  optical  system  depends  critically  upon  the 
target  and  the  scenario  as  well  as  on  the  environmental  factors.  The  deterministic 
approach  to  sensor  performance  for  a given  system,  scenario  and  target  combination, 
provides  the  prediction  of  a unique  performance  range  (in  this  case  detection)  for  each 
set  of  atmospheric  optical  parameters. 


An  aperiodic  detection  scheme  based  on  signs  1 - to- noise  and  spatial  size  consideration: 
is  combined  with  a medium-size  ship  target  that  has  a uniform  temperature  difference  with 
the  background  to  provide  detection  range  versus  total  extinction  curves  for  a variety 
TV,  1.06pm  and  FLIR  systems.  The  following  range  performance  equation  was  used  to  fit 
the  parametric  outputs  of  the  complicated  aperiodic  FLIR  model5: 


R 


detection  " (A  + B Batm) 


where  Rd„t  is  the  predicted  range  (kilometers)  for  a 501  probability  of  detecting  the 
target,  A and  B are  constants  associated  with  the  choice  of  FLIR  system  and  altitude,  and 
Batm  is  the  total  extinction  coefficient  in  units  of  inverse  kilometer.  Some  examples  of 
current  and  projected  future  8-12pm  FLIR  systems  performance  (detection  range)  versus 
total  extinction  are  shown  in  Figure  7.  The  FLIRs  were  placed  at  various  altitudes  to 
emphasize  horizon  limitations.  The  greater  the  horizon  limitation  the  smaller  the 
detection  range  improvement  associated  with  more  advanced  systems  of  the  same  wavelength. 


The  systems  performance  models,  target  and  receiving  systems  were  combined  with 
individual  sets  of  atmospheric  optical  parameters  to  produce  detection  range  statistics 
for  different  seasons,  locations  and  receiver  altitudes.  The  resulting  performance  range 
statistics  were  plotted  together  to  show  the  dramatic  variation  in  predicted  detection 
range  with  altitude  for  different  competing  systems. 


In  the  next  three  figures  the  20,  SO  and  804  cumulative  performance  points  for  FLIRs 
operating  on-board  a ship  in  a ship  detection  mode  are  plotted  as  a function  of  latitude 
for  summer  months.  Figure  8 contains  only  detection  statistics  for  a current  generation 
8-12um  FLIR.  The  poor  performance  near  the  equator  is  due  entirely  to  the  high  humidity 
conditions.  In  more  northern  climates  the  humidity  decreases  allowing  for  much  larger 
detection  ranges  during  good  visibility  days.  The  804  curve  remains  fairly  flat  with 
latitude  indicating  that  as  humidity  effects  decrease  with  increasing  latitude  the  aero- 
sol effects  are  becoming  more  severe  statistically  even  though  there  are  many  very  clear 
days  (204  points).  In  Figure  9 the  performance  statistics  of  a near  term  focal  plane 
array  8-12um  FLIR  is  superimposed  on  the  current  generation  system.  The  increased 
sensitivity  provides  improved  detection  ranges.  In  Figure  10  a near  term  3.4-5um  system 
is  superimposed  on  the  current  generation  8-12ym  system  statistics.  This  dramatic 
difference  in  performance  between  the  two  bands  is  based  entirely  on  the  aerosol  models 
since,  as  shown  earlier,  the  molecular  absorption  in  the  3. 4-Sum  band  is  insensitive  to 
change  in  absolute  humidity  or  temperature  and  therefore  latitude.  As  the  visibilities 
improve  (lower  latitudes)  the  detection  range  associated  with  the  3.4-$jjm  FLIR  increases 
while  the  8-l2ym  is  encumbered  by  the  increasing  water  vapor  content. 
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Figure  1 - Block  Diagram  for  Conversion  of  Meteorological  Observations 
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Total  Molecular  Absorption  Coefficient  as  a Function  of 
Absolute  Humidity  for  both  3.4-Sp.n  and  8-12um  Bands  at  a 
Range  of  10  Km  and  Three  Temperatures 
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Figure  3 - K/R  Model  Comparison  of  Vi.ible  (O.SSpm)  and  8-12ym  Aerosol 

Extinction  Coefficients  at  Five  RH  Values  and  Nine  Wind 
Speeds  for  each  RH  ( l.OWTRAN  3B  Maritime  Model  Curve  also  shown) 
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Figure  8 - Detectior  Range  vs.  Latitude  for  Current  Generation  8-lZpw 

WFOV  FLIR,  18  meters  Altitude  during  Summer  with  Medium  Target  j 

(201  , 50* , and  80*  Cumulative  ProhaMliiy  Curves  shown)  ‘ 
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Figure  9 - Detection  Range  vs.  Latitude  for  Current  Generation  and 
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figure  10  - Detection  Range  vs.  Latitude  for  Current  Generation  8-12ym  and 
Near-Tern.  3. 4- Sum  WFOV  FLIRs,  18  meters  Altitude  during  Summer 
with  Medium  Target  501,  and  801  Cumulative  Probability 
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SUMMARY  OF  SESSION  IX 
TROPOSPHERIC  TURBULENCE 

by 

Dr  H.Soichcr 
Editor 


The  effects  of  atmospheric  turbulence  due  to  temperature  fluctuations  and  wind  on  the  performance  of  optical 
systems  are  weli  known,  fn  particular,  system  degradations  include  loss  of  image  resolution,  difficulty  in  detection  of  dim 
objects,  and  loss  of  tracking  accuracies.  Papers  during  this  session  concentrated  on  the  comparison  of  atmospheric  turbu- 
lence measurements  with  models  of  corresponding  parameters,  and  on  the  simulation  of  turbulence  conditions  for 
propagation  analysis. 

Yura  seeks  to  determine  whether  any  correlation  exists  between  measured  values  of  both  stellar  scintillation  and 
phase  coherence  and  the  corresponding  values  predicted  from  a recent  model  of  atmospheric  turbulence  profile.  He  Finds 
good  agreement  with  the  scintillations  data,  while  the  phase  data  is  only  of  fair-to-good  agreement. 

Hanson  describes  measurements  of  the  temperature  turbulence  profiles  and  the  coherence  diameter  conducted  at  the 
ARPA  Maui  Optical  Station  (AMOS).  These  measurements  are  compared  with  existing  models.  He  concludes  that  while 
the  coherence  diameter  measurements  are  in  reasonable  agreement  with  existing  models,  temperature  turbulence  profiles 
are  not. 

Lyon  describes  the  simulation  of  turbtiient  atmospheric  propagation  as  part  of  a procedure  for  the  development  of 
an  optical  tracking  system. 
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OPTICAL  PHASE  AND  SCINTILLATION  AT  AMOS: 
COMPARISON  BETWEEN  OBSERVATION  AND  PREDICTION 


4M 


H.  T.  Yura 


The  Ivan  A.  Getting  Laboratories 
The  Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  California  90099 


Abstract 

Atmospheric  turbulence  has  a significant  impact  on  the  performance  of  *-~e  aperture  optical 
systems.  Degradations  observed  include  loss  of  resolution  when  imaging,  inc  ». . «.sed  difficulty  in  detecting 
dim  objects,  loss  of  tracking  accuracy,  as  well  as  a number  of  other  effects.  The  evaluation  of  the  per- 
formance of  any  system  and  the  specification  of  operating  parameters  for  systems  designed  to  eliminate  or 
minimize  these  degradations  require  sufficient  knowledge  in  order  to  provide  a characterization  of  the  tur- 
bulent environment  in  which  they  must  operate. 

A primary  objective  of  an  operat;onal  model  of  the  aerospace  propagation  environment  is  to  pr  ovide 
sufficient  understanding  for  the  system  analyst  to  compute  performance  estimate®  under  various  operational 
conditions.  To  this  end  we  present  in  this  paper  a comparison  between  measured  values  of  both  stellar 
scintillation  and  optical  phase  coherence  and  the  corresponding  values  predicted  from  a recent  model  of  the 
atmospheric  turbulence  strength  profile.  The  optical  meaeuremento  under  consideration  were  performed  by 
members  of  the  AVCO  Everett  Research  Laboratory  (AVCO)  at  the  ARPA  Maui  Optical  Station  (AMOS)  atop 
Mt.  Haleakala  on  the  island  of  Maui,  Hawaii  in  the  fall  of  1975.  We  employ  here  Hufnagel's  recent 
statistical  model  of  atmospheric  turbulence  for  heights  greater  than  three  kilometers  above  mean  sea  level 
together  with  a model  for  low  altitude  turbulence  developed  from  the  empirical  data  of  Koprov  and  Tsvang, 
and  Bufton.  The  appeal  of  this  turbulence  model  is  that  it  is  relatively  simple  to  Implement  in  system 
studies  and  that  only  one-free  parameter  is  needed  for  its  quantitative  use.  This  parameter  is  the  root 
mean  square  wind  speed  for  the  altitude  range  of  five  to  twenty  kilometers  above  sea  level. 

We  first  discuss  the  statistical  turbulence  model  in  its  full  generality  (;.e.„  both  ito  temporal  and 
spatial  variations).  We  next  present  an  average  or  non -random  model  which  can  be  used  by  those  not 
interested  in  the  fine  structure,  as  is  the  case  here  since  available  data  does  not  warrant  the  use  of  the  full 
random  model  of  atmospheric  turbulence. 

It  is  necessary  to  have  knowledge  of  the  statistical  characterization  of  both  the  optical  phase  coherence 
diameter  rand  the  scintillation  index  oj  of  a stellar  source.  Expre*  sions  for  these  quantities  are  pre- 
sented and  discus sed.  Using  measured  values  of  the  wind  speed  parameter  for  the  appropriate  dates  of  the 
experiment,  we  then  calculate  the  appropriate  values  of  rQ  and  0£  and  compare  with  the  corresponding 
values,  as  measured  by  AVCO.  We  find  good  agreement  with  the  scintillation  data,  the  agreement  with  the 
phase  data  being  only  fair  to  good.  Although  the  results  presented  here  are  encouraging,  moie  data  com- 
parison is  needed  before  the  validity  for  general  use  of  the  turbulence  model  used  here  can  be  established. 
Finally,  possible  improvements  with  the  turbulence  model  are  discussed. 

I.  INTRODUCTION 


The  purpose  of  this  paper  Is  to  se*.k  to  determine  if  any  correlation  exists  between  measured  values 
of  both  stellar  scintillation  and  phase  coherence  and  the  corresponding  values  predicted  from  a recent  model 
of  the  atmospheric  turbulence  profile.  Specifically,  wt  employe  here  Hufnagel's  (Ref.  2)  recent  model  of 
the  index  structure  constant  profile  C^(h,  V),  where  h is  the  altitude  above  mean  sea  level  and  V is  a root 
mean  square  wind  speed  (defined  below)  to  calculate  both  the  variance  and  covariance  of  the  log  - amplitude 
and  phase  coherence  diameter  rQ  of  an  optical  wave  due  to  a stellar  source.  We  then  compare  these 
quantities  to  the  corresponding  quantities  as  measured  by  AVCO  and  AMOS  during  November  1975. 

We  first  discuss  Hufnagel's  recent  model  of  and  present  expressions  for  the  appropriate  wave 
statistical  quantities,  using  measured  values  of  the  wind  speed  parameter  V for  the  appropriate  dales  of  the 
experiment,  we  then  proceed  in  Section  IV  to  calculate  the  normalized  log -amplitude  variance  and  co.  *re 
with  the  corresponding  values,  as  measured  by  AVCO.  For  the  three  experimental  dates  conatdc  * b rtirly 
good  agreement  Is  obtained. 

In  the  design  and  deployment  of  the  AMOS  compensated  Imaging  system,  it  iu  necessary  to  ; , Knowl- 
edge of  the  statistical  characterization  uf  the  phase  coherence  diameter  of  the  atmosphere  rc  of  an  optical 
stellar  source.  In  Section  III  we  present  the  results  of  our  calculation  of  rQ  and  compare  with  AVCO'a 
experimental  results.  The  present  calculation  of  is  based  on  Hufnagel's  recent  model  of  together  with 
a low  altitude  model  (i.  e.  , 0-3  km  above  the  AMOS  site)  abstracted  from  the  experimental  results  of 
Bufton  (Ref.  1)  and  Koprov  and  Tovang  (Ref.  3).  Our  calculated  values  of  rQ  are  a little  larger  than  AVCO'e 
measured  average  values,  although  not  as  large  as  AVCO's  value  of  rQ  as  calculated  on  the  basis  of 
measured  turbulence  profiles. 

Although  the  present  results  are  encouraging,  more  comparison  with  experimental  data  is  needed  be- 
fore the  validity  of  the  turbulence  model  used  here  can  be  established.  However,  mt  this  point  we  are 
cautiously  optimistic. 

11.  ATMOSPHERIC  TURBULENCE  PROFILE 

Recently  R.  E.  Hufnagcl  (Ref.  2)  presented  an  empirical  model  for  the  altitude  profile  of  the  Index 
structure  function  c£.  In  its  full  generality,  the  random  turbulence  version  of  the  Hufnagel  turbulence 
model  has  the  form  (In  units  of  tn-^/3) 

C2(h)  • 5.98  X 10"ZJ(V/27)Z  h10  e'h  + 10"16  X exj>[r('u,t)]  , h>3km  (1) 

n 

where  h is  in  kilometers  above  mean  sea  level,  V is  the  root  mean  square  wind  speed  in  meters /sec  In  the 
5 to  20  km  altitude  range,  le.. 
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V = 


20  km 
km 


v2(h)  dh 


(2) 


where  v(h)  is  the  wir.d  speed  profile  in  m/sec.  the  quantity  r(h,  t)  is  a guassian  random  variable  which 
depends  on  altitude  and  time.  As  defined  by  Hufnagel,  r has  aero  mean  and  a correlation  function  given 
by 

< r(h  + h' , t + -r)r(h,  t )>  = A(h'  / 100)  exp(-  r/5)  + A(h'/2000)  exp(-r/80)  (3) 


where  t is  time  measured  In  seconds  and  the  function  A is  given  by 


A(x)  = 1 - |x| , |*|  £ 1 

* 0 , |*|  > 1 


(4) 


In  some  cases  it  may  be  more  convenient  computationally  to  use  an  exponential  decay  function,  l.  e. , 
A(x)  = exp(-|x|). 

A&  Le  discussed  below,  the  available  data  does  not  warrant  the  use  of  the  full  random  model  of  C£. 
Accordingly,  we  employ  the  non-random  model,  obtained  by  taking  the  ensemble  average  of  Eq.  (1). 

We  obtain  (<er)  - e = 2.72) 


C2(h,V)  =5-98  X 10*Z3(V/27)2  h10e~h  + 2.72  X 10"15  fc"ll/'1,5 
n 


(5) 


where  V is  given  by  Eq.  (2).  As  discussed  by  Hufnagel  (Ref.  2),  V appears  to  be  normally  distributed  about 
some  average  value.  For  example,  for  the  state  of  Maryland,  V appears  to  be  normally  distributed  with  an 
average  value  of  27  m/sec  and  a standard  deviation  of  9 rn/sec.  Below  we  use  the  value  of  V obtained  from 
the  wind  speed  profiles  for  the  dates  of  the  measurements,  ae  supplied  by  the  Air  Weather  Service, 

Strictly  Bpeaking,  Eq.  (1)  or  (5#  is  valid  for  h > 3 km.  Since  the  measurements  we  performed  at 
AMOS,  i.e.,  at  an  altitude  of  3 km,  Eq.  (5)  will  suffice  for  the  pres snt  analys  1*.  However,  for  complete- 
ness we  present  a model  developed  from  the  empirical  data  of  Koprov  and  Tsvang  (Ref.  3),  and  J.  Bufton 
(Ruf,  1)  for  the  value  of  at  altitudes  below  3 km: 


C 


2 

r. 


us  x i<r10 

1.5  x l(f 16  - 1.125  X :snh~0-) 

3.75  xl<f17  + 7.95  x 10"17^£^ 
i.i7  xio-l6-5.85  x io-|7(!^§jj22) 


, 10  m < h < 100  in 

• 100  m < h < 500  m 

, 500  m < h < 1000  to 

, 1000  m < h < 2000  m 

, 2000  m < h < 3000  m 


(8) 


The  model  presented  above  io  simple  in  many  respects.  It  docs  not  explicitly  account  for  possible 
high  turbulence  peaks  generated  at  frontal  interfaces  or  sharp  inversion  layers.  And,  conceivably  the 
numerical  coefficients  In  model  should  be  different  over  mountainous  terrain.  Nevertheless,  it  does  seem 
to  yield  reasonable  agreement  with  most  of  the  observed  stellar  scintillation  measurements  taken  in  the 
past.  The  appeal  of  the  model  lies  in  the  fact  that  there  is  only  one  parameter,  the  root  mean  square  wind 
speed  V,  which  characterises  the  altitude  dependence  of  c£,  This  parameter  is  readily  available  for  many 
experimental  sites  and  in  particular  it  is  available  for  AMOS,  finally,  we  note  that  it  is  expected  that  the 
largest  variability  of  la  obtained  near  the  ground,  the  high  altitude  turbulence  being  insensitive  to 
effects  of  local  terrain.  Ao  is  discussed  below,  Iwr  effect,  of  low  altitude  turbulence  nave  little  effect  in 
producing  scintillation.  However,  both  low  and  high  altitude  turbulence  are  important  in  producing  optical 
phase  distortions. 


III.  IRRADIANCE  STATISTICS 


In  all  cases  considered  here  we  are  in  the  regime  of  weak  optical  scintillation;  that  is,  we  &re  in  un- 
saturated regime  of  scintillation  where  the  results  of  the  Rytov  approximation  apply.  The  regime  of  weak 
acintlllatlon  is  such  that  the  normalized  variance  of  log -amplitude,  o|,  is  much  less  then  unity.  In  this 
regime  it  Is  known  (Ref,  6)  that  the  probability  distribution  of  irradlance  is  log-normal  (i.e.,  the  natural 
logarithm  of  irradlance  is  normally  distributed);  that  is,  the  probsblllty  density  of  irradlai  ce  is  given  by 


where 


Pfl) 


'Jin  In 


(f) 


4xp 


r 

In  i + 1/2  /n((72+  l)j 
2 /e  (<T2  + l)  ~ 


[aTiT 


(7) 


(8) 


1 <oz 


(9) 


I Is  the  Instantaneous  value  of  Irradlance,  and  angular  brackets  denote  the  ensemble  average.  Thus,  l is 
the  Instantaneous  value  of  irradlance  normalized  by  its  mean,  and  Oj  Is  .the  normalized  vat  lance  of 
irradlance.  Examination  of  Eq.  (7)  reveals  that  the  probability  distribution  of  normalized  iriadlonce  is 
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characterized  by  the  single  parameter  af , the  normalized  variance  of  ir radiance. 

For  log-normal  statistics,  the  normalized  variance  of  irradiance  for  a point  receiver  is  related 
to  the  variance  of  log -amplitude , cjj,  by  the  relation 

= expi4 

.2 


ai]  ■ 1 


(10) 


ft:  4 


The  introduction  of  the  quantity  of  as  the  basic  parameter  is  operationally  useful  as  this  is  the  quantity 
that  ie  usually  measured.  Thus  for  a given  value  of  o^,  the  probability  distribution  of  irradiance  is 
determined  completely. 

We  next  present  expressions  that  relate  the  log -amplitude  statistics  to  the  index  structure  profile, 
optical  wavelength  and  propagation  path.  For  weak  scintillation  conditions  the  log -amplitude  correlation 
function  for  a point  (i.  e.,  stellar)  source  at  infinity  is  given  by  (Ref.  6) 
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where  p is  the  separation  in  a plane  transverse  to  the  mean  direction  of  propagation,  0 is  the  zenith  angle, 
hj  is  the  altitude  of  the  receiver,  k is  the  optical  wave  number  (=  2nA,  where  X is  the  optical  wavelength), 
J is  the  Bessel  function  of  zero -order  of  the  first  kind,  c£(h)  is  the  index  structure  profile,  and 
«n(k)  =-  0.  033  K*11'3. 

The  variance  of  log -amplitude  is  then  given  by 
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Examination  of  Eq.  (12)  reveals  that  owing  to  the  h^/6  weighting  function  in  the  integrand,  the  value  of 
is  determined  primarily  from  high  altitude  turbulence.  Examination  of  Eqs,  (5)  and  (12)  reveals  that  for 
V i 10  m/sec  the  main  contribution  to  is  determined  by  the  turbulence  near  the  tropopause,  i.e,  , at 
h ~ 10  km.  The  integrand  of  Eq.  (12)  has  arelative  maximum  for  h = 10.  83  km,  falling  to  one-half  its 
maximum  value  ath»  7.  5 and  15.  5 km. 

Equation  (12)  for  0^  pertains  to  the  statistics  of  irradiance  at  a point.  As  the  experiments  at  AMOS 
were  performed  with  a finite  size  receiving  aperture,  it  Is  necessary  in  our  analysis  to  account  for 
apsrture  smoothing.  As  is  cUacussed  below,  the  effects  of  aperal..:—  smoothing  are  determined  not  only  by 
the  log-amplitude  variance  a\  but  also  by  the  shape  of  the  correlation  function  BA(p).  As  such,  it  will  also 
be  necessary  to  compute  the  full  correlation  function  BA(p)  for  p s D,  where  D is  the  diameter  of  the 
receiving  aperture  (=  35.6  cm  for  the  AMOS  experiments!.  This  calculation  is  discussed  in  more  detail 
later  on  in  this  section. 

Upon  substituting  Eq.  (5)  into  Eq.  (12),  we  find  that  the  log-amplitude  variance  at  a point  Is  given  by 
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and  is  plotted  In  Fig,  1 as  a function  of  V for  the  caie  X = 0,  5 nm  and  6=0,  In  order  to  compare  with 
experiment,  one  must  correct  theee  values  for  the  smoothing  effect  of  the  finite  size  collecting  aperture. 

As  alluded  to  above,  scintillation  measurements  performed  with  a finite  sized  collector  include  an 
aperture  smoothing  effect  referred  to  In  the  literature  ac  the  aperture  averaging  effect.  Thus,  the  log- 
amplitude  variance  obtained  from  9 collector  of  diameter  D,  0^(D),  is  related  to  the  corresponding  point 
log- amplitude  variance  by 


O^D)  = A Oi 


(14) 


where  the  aperture  averaging  factor  A(*  1) 
in  circular) 


is  given  by  (Ref,  4)  (we  assume  here  that  the  collecting  aperture 
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»nd  B^(p)  By  Eq.  (11).  Examination  of  Eqs.  (11)  and  (17)  reveal  that  the  value  of  A depends  on  the 

characteristic  correlation  length  of  the  log-amplitude  correlation  function  p£.  For  D « p_j,  A — 1 and 
there  Is  no  aperture  averaging  effect,  the  receiver  la  essentially  a point  receiver.  On  the  other  hand,  for 


Examination  of  Eqs.  (15)  and  (17)  reveal  that  for  BA(0)  = 5?  < 1 the  value  of  A depends  on  the  form 

, (p)/a^  only.  For  values  of  V greater  than 


D > p^,  several  "independent11  fluctuations  with  differing  signs  are  collected,  and  they  partially  compensate 
one  another  leading  to  a value  of  A < 1.  For  uniform  turbulence  condition  the  amplitude  correlation  length 
is  of  the  order  where  L is  the  path  length  and  \ is  the  optical  wavelength. 

Examination  of  Eqs.  (15)  and  (17)  reveal  that  for  B*(0)  = 
of  the  normalized  log-amplitude  covariance  function  b aipT  = 

about  1C  m/sec  the  dominant  contribution  to  b.(p)  results  from  the  turbulence  in  the  tropopause,  i.  e.,the 
first  term  on  the  right-hand  side  of  Eq.  (1).  In  the  experiments  discussed  below  the  value  of  V is  in  the 
20  to  30  m/sec  range.  As  a result,  it  can  be  shown  for  this  case  that  bA(p)  is  nearly  a universal  curve; 
that  is,  b^(p)  is  independent  of  V for  V » 10  m/sec,  This  implies  that  A is  nearly  independent  of  V.  These 
results  have  been  confirmed  numerically  for  all  values  of  V that  were  obtained  in  the  AMOS  experiments. 

We  find  that  A =-  0.  019  for  the  14-inch  diameter  collector  usid  at  AMOS. 

AVCO  has  performed  scintillation  measurements  using  a star  sensor  built  by  NOA A Environmental 
Research  Laboratory.  This  instrument  consists  of  a 35.6  cm  Schmidt-Cassegrain  telescope.  When  a 
stellar  source  is  received  through  this  system,  measurements  of  the  spatial  frequency  content  of  the 
atmospherically  produced  scintillation  pattern  are  obtained.  Details  of  the  experimental  apparatus  and 
results  obtained  are  reported  elsewhere  (Ref.  5).  We  have  chosen  three  separate  days  to  compare  with. 
These  days  were  chosen  because  the  environmental  profile  C^(h)  was  also  measured  independent  of  the 
optical  measurements.  Further  details  of  the  Cz.  measurements  are  also  given  in  Ref.  5. 

The  nights  chosen  to  compare  our  results  to  experiment  are  Nov.  17,  18  and  21,  1975.  The  experi- 
ments were  generally  run  between  1900  to  2400  hours  local  time. 

The  wind  speed  data,  obtained  through  Maj.  John  Madura  of  SAMSO,  was  taken  at  Hilo,  Hawaii,  at 
2400  hours.  Although  Hilo,  Hawaii,  is  about  100  miles  from  Maui,  it  is  not  expected  that  the  values  of  V 
over  Maui  were  significantly  different  than  those  over  Hawaii,  owing  to  the  fact  that  the  main  contribution 
to  V is  at  high  altitude  (5-15  km)  and  the  terrain  between  the  two  islands  is  primarily  open  ocean.  The 
value  of  V obtained  are  2 1.  3,  20.5,  and  30.  8 m/s ec  foj  Nov.  17,  18,  and  21,  respectively. 

In  Table  1 we  have  tabulated  the  values  of  of  obtained  by  AVCO  at  0.5  um  and  the  results  of  our 
calculations. 

table  l 

Log-Amplitude  Data  Comparison 

(D  = 35.6  cm,  A “•  0.  019) 


Of,  AVCO 

L * 

of,  Aerospace  Corp.,  (?  = 0 

Date 

Range  X 10-4 

Average,  x 10 

-4 

Average,  xlO 

V (m/sec) 

Nov  17 

2.79  - 18.20 

7.92 

5.37 

21.3 

Nov.  18 

2.28-  5.03 

3.76 

4.95 

20.5 

11 

ICV?  b* 

5«17  ~ B'fal 

Oe00 

10.70 

30-8 

The  AVCO  data  presented  in  the  second  column  Is  a summary  of  twenty -minute  log-amplitude 
variance  measurements.  The  theoretical  zenith  angle  dependence  of  (sec  6)*1'®  was  not  removed  by  AVCO 
because  "all  data  was  collected  on  starts  at  low  zenith  angle  (typically  10-20°,  30°  maximum)  and  this 
effect  should  not  be  large.  " Our  results  are  based  on  zenith  propagation,  i.  e. , 8 = 0. 

No  attempt  was  made  by  AVCO  to  compare  their  optical  scintillation  results  to  the  corresponding 
results  obtained  from  the  C~  profile  that  was  measured  cn  the  dates  of  the  experiments.  Furthermore,  an 
analysis  of  the  variance  of  the  of  was  not  performed,  although  enough  data  was  recorded  so  that  this 
Information  can  be  readily  obtained. 

Examination  of  "able  1 reveals  that  our  calculated  values  of  are  in  good  agreement  with  AVCO's 
measured  values;  in  i vo  cases  the  calculated  values  is  in  the  experimentairange,  while  in  the  third  case 
it  is  about  25%  high.  In  view  of  the  fact  that  some  zenith  angle  biasing  may  be  present  [<(sec  30)11/6=  ;j 
and  the  experiments  were  performed  ever  several  hours  on  each  night,  we  feel  that  the  results  obtained 
here  are  encouraging  enough  to  warrant  further  comparisons  as  more  data  is  made  available.  We  are  in 
the  process  of  doing  this. 


IV.  PHASE  COHERENCE  STATISTICS 


Here  we  relate  the  coherence  dlsmeter  rc  to  the  mis  wind  speed  V and  compare  these  results  to  the 
experimental  values  obtained  by  AVCO  during  Nov.  17,  18  and  21,  1975, 

The  mutual  coherence  function  can  be  written  as 


M(r)  " exp 


where  the  coherence  dlsmeter  re  is  given  by 
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Examination  of  Eq.  (19)  reveals  that  in  contrast  to  the  case  of  scintillation,  the  coherence  diameter  depends 
both  on  low  and  high  altitude  turbulence  (the  weighting  factor  in  the  integrand  of  Eq.  (19)  being  unity  in  the 

present  cud 

AVCO'e  measured  turbulence  profiles  averaged  over  the  complete  data  runs  taken  on  17,  18,  and  21 
Nov.  1975  are  shown  in  Fig.  2.  The  lowest  height  (15  m)  data  points  were  obtained  from  the  ground-based 
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microthermal  sensors.  Data  from  37  m to  2,  5 kin  were  provided  by  NOAA  from  a reduction  of  their 
(nighttime)  airborne  microthermal  data.  The  Line  segments  from  1 km  to  24  km  were  derived  from  Star 
Sensor  data  and  represent  the  approximate  width  of  the  weighting  functions  used  in  the  data  reduction.  The 
horizontal  Beale  is  in  height  above  the  observatory  which  is  at  an  altitude  of  approximately  10,  000  ft.  The 
tropopause  height  was  determined  from  rawlndsonde  temperature  profiles  obtained  from  the  two  Hawaiian 
Weather  Bureau  stations. 

For  comparison,  the  turbulence  profile  used  for  our  calculation,  i.  e. , Eqs,  (5)  and  (6)  are  given  by 
the  dashed  curve  in  Fig.  2,  along  with  the  value  of  V for  the  date  in  question. 

We  have  computed  r based  on  the  assumption  that  the  plane  of  the  receiver  is  1C  m above  local  ground 
and  the  use  of  Fq.  (5)  for  nigh  altitude  turbulence  and  Eq.  (6)  for  turbulence  near  the  ground.  The 
numerical  results  for  8-0  are  plotted  in  Fig,  3 as  a function  of  V (upper  curve).  Also,  we  have  computed 
the  values  of  r0  based  on  Eq.  (5)  above  and  these  results  are  also  shown  in  Fig.  3 (lower  curve).  Exami- 
nation Ox  Fig.  3 reveals  that  for  5 < V < 15  m/s ec  the  values  of  rQ  obtained  by  including  turbulence  near 
the  ground  are  within  a factor  of  two  to  that  obtained  otherwise.  For  larger  values  of  V,  the  corresponding 
values  of  rQ  approach  one  another  asymptotically.  This  is  expected  since  for  large  values  of  V the  main 
contribution  to  rQ  results  from  turbulence  values  at  high  altitudes. 

The  use  of  Eq.  (6)  for  low  altitude  turbulence  values  may  not  be  representative  of  lie  conditions  above 
the  AMOS  site  as  it  was  developed  from  measurements  over  different  times  of  the  year.  Thus,  it  should 
represent,  in  our  opinion  somewhat  of  a worst  case  estimate  of  turbulence  above  local  grourd  and  is  used 
here  as  such.  The  values  of  rQ  obtained  by  employing  Eq-  (6)  represents  a worst  case  estimate  at  low 
values  of  V(<  15  m/sec),  while  the  values  obtained  for  large  values  of  V should  be  looked  upon  with  less 
uncertainty. 

In  summary,  for  small  values  of  V (L.  e.  , low  integrated  turbulence  strength)  the  predicted  values  of 
rQ  are  to  be  regarded  as  a lower  limit  with  the  real  value  being  as  much  as  a factor  of  two  larger.  On  the 
other  hand,  for  large  values  of  V (i.e,,  high  integrated  turbulence  strength)  the  corresponding  uncertainty 
in  the  predicted  value  of  rp  is  much  smaller  than  a factor  of  two;  that  iB.  the  confidence  by  which  we  pre- 
dict rQ  is  larger  for  strong  turbulence  conditions  than  it  is  for  weak  turbulence  conditions, 

AVCO's  average  measured  values  of  rQ  at  0,633  urn  and  0 = 0°  and  the  corresponding  values  obtained 
from  the  measured  turbulence  profiles  are  presented  in  Table  2 along  with  the  results  of  our  calculations. 


TABLE  2 

rQ  Data  Comparison,  X = 0.6  33  um 


AVCO 
Seeing  Monitor 

*o  <Cm) 

AVCO,  From  Measured 
Turbulence  Profile* 

Aerospace 

Date 

Range 

Average 

r (cm) 
o 

r (cm) 
a 

V (tn/rec) 

Nov  17 

9-3  - 13.5 

10.4 

25.7 

17.1. 

21.3 

Nov  18 

13.3  - 18.2 

15.4 

24-9 

17.4 

20.5 

Nov  21 

9.4  - 14.4 

11-8 

16.6 

14.4 

30.8 

The  corresponding  value  of  rQ  at  X = 0.  5 m are  obtained  from  those  given  in  the  taule  by  multiplication 
by  (0.  5/0.  633)6/5  0.75.  Examination  of  Table  2 reveals  that  our  values  of  r0  are  In  fair  agreement  with 

the  experimental  value.  On  the  other  hand,  AVCO's  calculated  values  based  on  the  measured  turbulence 
profile  are  larger  than  the  measured  value  by  a lactor  of  1.  5-2. 

Note  that  for  the  three  days  considered  the  measured  average  values  of  rp  are  somewhat  less  than 
the  corresponding  calculated  values.  At  this  point  it  is  not  clear  why  this  should  be  the  case,  although  it 
may  just  be  an  artLfact.  Although  the  airborne  microthermal  prove  measurement  of  C ^ between  37  m and 
Z km  above  the  AMOS  site  were  performed  at  night,  the  airplane  was  not  directly  above  the  moutaln  top, 
but  instead  was  slightly  off  to  one  side.  This  suggests  that  the  lower  altitude  measured  values  of  the 
AVCO  calculated  value  of  rp  Is  about  a factor  of  two  too  large.  We  wait  with  anticipation  for  reliable  low 
altitude  cj  profile  measurements  above  the  AMOS  site  (l.e.,  from  the  NOAA  acoustic  sounder)..  On  the 
other  hand,  we  arbitrarily  used  a model  oi  low  altitude  turbulence  that,  strictly  speaking, applies  (If  at  all) 
to  conditions  over  level  ground  near  sei  level.  For  the  values  of  V that  applied,  the  contribution  to  r 
from  turbulence  in  the  first  three  kilometers  above  the  site  is  about  equal  to  the  corresponding  contribution 
from  turbulence  in  the  tropopause  (See  Fig.  2).  On  this  basis  we  would  expect  that  an  rQ  calculated  with 
such  a turbulence  profile  would  result  In  too  small  a value  Since  our  calculated  values  of  rQ  are  a little  on 
the  high  side,  we  are  left  in  a quandry.  Rather  than  speculate  we  defer  further  discussions  on  this  point 
until  more  data  is  analyzed. 

Based  on  our  results  obtained  for  the  three  dates  in  question,  we  are  encouraged  to  make  further 
comparisons  with  more  data. 

In  conclusion  we  are  cautiously  optimistic  about  the  use  of  the  rnodel  of  C ^ used  here  to  obtain  phase 
and  log-amplitude  statistics.  Mo  e data  comparison  is  clearly  needed  until  the  general  use  of  the  model 
can  be  ascertained.  In  particular,  it  la  very  desirable  to  obtain  wind  speed  data  that  pertain  to  the  time  and 
location  of  the  experiment.  We  have  been  in  contact  with  P.  Zleske,  AVCO/Maul,  and  he  is  in  the  process 
of  seeing  what  can  be  done  for  the  experiments  that  will  be  performed  at  AMOS  this  spring  and  summer. 
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Fig.  1 Calculated  value  of  the  log -amplitude  variance  at  a point  as  a function  of  the  rms 
wind  sp<3od. 


Fig.  2a  Turbulence  Profile  vs.  Height  Above  ihe  Observatory  • 17  November  1975.  Ground 
Baaed  Microthe rmal  Data  = ; Airborne  Microthermal  Data  = +;  Star  Sensor  Data  = 

++.  Estimated  tropopause  height  of  11-55.5  km.  The  dotted  curve  is  the  sum  of 
Eqs.  (5)  and  (6)  for  the  value  of  V indicated. 
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Fig.  2 b Same  ae  Figure  2b  f or  16  'November  1975.  Eatimated  tropopauee  height  ol  9-lb.  b km. 


Fig.  2c  Same  a.  Figure  2b  for  21  November  1975.  Estimated  tropopau.e  height  of  9-15.  5 km. 
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Fig.  3 The  phaae  coherence  diameter  X = 0.633  ym  aa  function  of  rmi  wind  apeed.  The 

upper  curve  ia  baaed  on  Hufnagel's  model  for  high  altitude  turbulence  while  the  lower 
curve  includee  the  contribution  from  low  altitude  turbulence  aa  given  by  Eq.  (16). 


DISCUSSION 


R.A.McClatchey,  US 

Why  is  it  that  Ct2, -Profile  does  not  depend  on  deviation  of  wind  speed  front  some  uniform  mean  speed,  and,on  the 
vertical  stability  of  the  atmosphere  (e  g.,  temperature  gradients)? 

Author’s  Reply 

As  discussed  by  Hufnagel  in  1974  (Ref.  1),  the  model  is  purely  empirical  and  it  was  found  that  about  70%  of  the 
optical  data  he  looked  at  correlated  well  with  the  rms  wind  speed.  Recent  work  of  T.  VanZandt  and  K.Gage  (of 
NOAA)  on  the  vertical  profile  of  C2  in  the  microwave  region  is  based  on  a model  of  vertical  stability  and  shows  a 
somewhat  different  profile  which  seems  to  compare  well  with  radar  backscattcr  measurements  of  C„. 
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REAL  TIME  SIMULATION  OP  TURBULENT 
ATM0STHER1C  PROPAGATION 

I.D.  Lyon, 

British  Aerospace  Dynamics  Group, 
Bristol  - Stevenage  Division, 

Stevenage,  Hertc.  SGI  2D  A 
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summary 

Simulation  of  turbulent  atmospheric  propagation  during  the  development  of  a tracker  can  reduce  the  amount  of  field 
trials  necessary.  A particular  beacon/tracker  system  is  described  followed  by  the  simulator  requirement  and  its 
realisation.  Finally  the  utilisation  of  the  simulator  Is  described. 

INTRODUCTION 

In  many  defence  applications  there  is  u need  to  track  the  position  of  one's  own  vehicles.  These  vehicles  can  be 
remotely  piloted  vehicles,  guided  weapons  or  slmtisr.  Thi3  paper  describes  an  optical  tracking  system  using  a 
vehicle  carried  xenon-arc  pulsed  beacon  operating  in  the  near  Infra-red.  To  avoid  extensive  field  trials  during 
hardware  development,  a simulator  was  built  to  give  statistically  repeatahle  effects  of  the  atmospheric  propagation, 
turbulence,  and  beacon  motion. 


SYSTEM 

The  optical  tracking  system  comprises  a vehicle  carried  xenon-arc  beacon,  pulse  modulated  at  a precise  frequency 
and  a static,  near  infra-red,  four  quadrant  (8  element)  tracker.  Analog  voltage  signals  are  provided  by  the  tracker 
which  are,  wUhln  limits,  proportional  to  the  off  axis  cartesian  coordinates  of  the  beacon.  TheBe  voltages  would 
normally  be  used  to  servo  drive  the  tracker  to  maintain  the  beacon  image  on  the  optical  axlB,  In  order  to  inalutatn 
the  signal  to  noise  ratio  as  the  beacon  range  Increases,  the  tracker  optics  are  varied  to  Increase  the  beacon  to  back- 
ground ratio  at  th.  detector.  Automatic  gain  control  stabilises  the  gain  about  a reference  level  which  can  be  externally 
adjusted  to  follow  che  field  of  view  size. 

beacon 


Figure  1 shows  the  xenon-arc  beacon  which  Is  fairly  conventional.  Pulse  energy  Is  held  constant  to  within  10%  for 
periods  long  compared  with  the  turbulence.  Longer  term  drift  U Inevitable  as  the  fUshtube  lifetime  Is  used  op.  In 
order  to  achieve  a compact  beacon,  a new  flashtube  was  developed  which  fits  axially  Into  a complex  solid  of 
revolutto  reflector.  The  reflector  la  required  to  give  a substantially  constant  output  over  a large  cone  angle. 


Tracker 

Figure  2 shows  the  optical  tracker.  To  reduce  the  noise  In  the  processing  system  is  the  beacon  range  Increases,  the 
detector  Held  of  view  is  reduced.  The  first  reduction  Is  made  by  the  zoom  lens.  Further  reduction  Is  made  by  an 
adjustable  field  stop  In  the  focal  plane  of  die  telescope.  Also  at  the  focal  plane  Is  a fibre  optic  diffuser.  Vignetting 
is  minimised  to  keep  the  tracker  tranofer  function  as  linear  as  possible  over  the  angles  of  interest. 

The  static  split  silicon  detector  quadrant  differences  are  normalised  us  usual  In  the  signal  processing  to  provide  the 
error  output  signals.  Channel  width  effects,  giving  dead  areas  between  quadrants  are  minim  land  by  irradiating  a 
relatively  large  detector  area  via  the  fibre  optic  diffuser,  which  provides  a uniform  circular  spot.  To  maintain  the 
transfer  function  slope,  the  spot  size  Is  varied  by  moving  the  detector  relative  to  the  diffuser  as  a function  of  field 
stop  aperture.  The  diffuser  also  gives  the  Important  advantage  of  minimising  atmospheric  scintillation,  so  that 
variations  in  Intensity  distribution  across  the  lens  aperture  do  not  affect  the  tracker's  output. 

Both  inner  and  outer  quadrant  signals  are  amplified  until  the  beacon  spot,  decreasing  with  range,  covers  only  the 
inner  quadrants.  Then  the  outer  quadrants  are  disconnected  and  only  the  inner  quadrant  signals  are  amplified. 

The  dark  current  noise  of  Che  non-lrradlated  outer  quadrantB  1b  then  eliminated.  The  detector  cell  geometry  is  also 
shown  In  Figure  2.  Insulating  channels  divide  the  cell  Into  quadrant  elements.  The  silicon  photodetector  can  be 
thermo -electrically  cooled  to  keep  It  below  440  degC  In  hot  environments. 

Tracker  Electronics 

Figure  2 Illustrates  the  general  signal  flow  through  the  tracker.  The  servos  which  adjust  the  telescope  zoom,  focal 
plane  stop,  and  detector  arc  not  shown.  Four  head  amplifiers  are  provided,  one  for  each  quadrant  pair  of  inner 
plua  outer.  Selection  of  either  inner  or  inner  plus  outer  ts  made  externally,  again  as  a function  of  range . Impedances 
of  the  amplifiers  are  simultaneously  changed  to  match  the  decector  areas  and  fields  of  view. 
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Following  the  p re -a  nip  Ilf  lets  are  the  sum  and  difference  amplifiers  giving  the  raw  X and  Y errors.  The  sum  signal 
Is  peak  detected  In  each  pulse  cycle.  An  adjustable  fraction  of  the  difference  between  successive  peaks  Is  fed  back 
to  alter  the  system  gain  at  a proportional  rate.  Excessive  automatic  gain  changes  due  to  atmospheric  turbulence 
modulation  are  avoided.  Pan  of  the  simulation  function  Is  to  optimise  the  automatic  gain  function  In  the  laboratory 
without  prolonged  field  trials. 

'Integration  and  hold'  maintains  the  beacon  signals  between  pulses.  Finally  the  difference  signals  are  divided  by  the 
sum  signal  to  normalise  them. 

Figure  3 Is  a photograph  of  a tracker  development  model  with  laboratory  packaged  electronics  beside  It,  Figure  4 
shows  the  Inside  of  the  tracker.  Fixed  focal  length  lenses  were  used  at  this  stage. 


SIMULATOR  REQUIREMENT 

The  simulator  Is  designed  to  be  compact,  portable  and  self-contained.  Its  major  capabilities  are  - 

* beacon  range  variations: 

From  100  m to  4 km. 

There  is  no  requirement  to  vary  beacon  Image  size  with  range.  Only  the  slope  of  the  tracker  transfer  function 
Is  affected,  which  does  not  mstter  since  the  tracker  output  signals  are  monitored  end  not  fed  back  at  this  level  of 
testing. 

* beacon  movement: 

A beacon  can  move  in  a circle  about  the  tracker  optical  axis,  providing  sine  wave  of  variable  amnlltude  and 
frequency  in  the  tracker  X and  Y channels.  This  function  does  not  vary  with  range. 

* variation  In  meteorological  visibility: 

Visibilities  of  Infinity,  10  km,  8 km,  4 km,  2 km  and  1.2  km  using  5%.  definition. 

* effect  of  atmospheric  turbulence: 

Time  varying  amplitudes  of  the  simulated  beacon  pulnes  seen  by  the  tracker  to  have  a log-normal  distribution 
such  that  95%  of  the  pulse  amplitudes  lie  within  + 1 :1  («  no  turbulence),  or  + 1. 414:1,  or  + 2. 236  or  + 5:1  of  the 
mean  value,  as  required  (l.e.  from  1/5  mean  to  5x  mean). 

* background  I md lance: 

A background  lnadlar.ee  on  the  tracker  focal  plane  of  0 to  24  Wm  * In  the  band  0. 75  pm  to  1. 1 pm. 

A TMOSPHE R1C  MODEL 


The  atmospheric  model  was  chosen  for  Its  simplicity  to  Instrument,  yet  Including  enough  relevant  factors  to  realis- 
tically test  the  tracker.  Vehicle  altitude.]  are  predominately  below  30  m In  the  current  application  and  therefore 
the  slghtllne  Is  essentially  horizontal  through  the  atmosphere. 

The  mean  power  received  by  the  tracker  from  the  beacon  is  given  by: 


P 


.41  .Z 


where 


I Is  the  mean  radiant  Intensity  over  the  spectral  band 
D Is  the  tracker  objective  lens  diameter 
R Is  the  beacon  range 

a is  the  mean  atmospheric  extinction  coefficient 
v («  3 + meteorological  visibility) 

Is  the  spectral  band 

Z la  the  normalised  fading  parameter  due  to  atmospheric  turbulence  which  la  a lognormal  random 
variable  with  probability  density  function: 


P (Z) 


cap 


2 ] 


2 9 


where  e U the  norma lUed  log -Inie  flatty  variance. 


Pulse  to  pulse  correlation  Is  provided  by  lev  pass  filtering  of  the  while  noise  generator  from  which  the  lognormal 
function  Z Is  derived.  Single  order  filters  with  3 dB  points  1.95  kHz.  376  Hz  and  62.4  llz  are  selectable.  The 
filters  simulate  a range  of  closed  loop  lags  In  the  overall  tracking  system. 
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DESCRIPTION  OF  SIMULATOR 


Optics 

The  basic  optica!  scheme  Is  shown  la  Figure  5. 

Light  emitting  diodes  (LED)  are  used  to  simulate  the  beacon  and  a tungsten  halogen  lamp  the  sky  background. 

Due  to  the  large  variation  In  beacon  brightness  requited,  two  LED's  are  provided.  The  short  range  LEU  changes 
over  to  the  long  range  LED  at  approximately  1.5  km.  The  difference  in  optical  transmission  between  the  paths  Is 
about  130.  Although  die  exact  changeover  distance  is  not  critical,  the  brightness  and  optical  superposition  are 
Important.  The  diodes  are  0.5  min  square  with  a substantially  uniform  Intensity  in  the  forward  hemisphere. 

The  LED  rays  reach  die  tracker  via  beam  splitter  2 and  mirror  2.  Mirror  2,  which  is  flat.  I"  mounted  on  a pair  of 
circular  wedges.  Relative  p readjustment  of  the  wedgr  s tilts  die  mirror  with  respect  to  its  mounting  shaft.  This 
shaft  Is  driven  by  a variable  speed  motor,  causing  the  beacon  Image  to  circle  the  tracker  sightUne.  One  degree 
movement  between  the  wedges  changes  die  mirror  Inclination  by  1 mrad. 

Tile  tungsten  halogen  lamp  is  driven  from  a variable  constant  current  source  to  provide  the  sky  background.  Tills 
Ulum'natlon  reaches  the  tracker  via  a diffuser  and  lens  3. 


Meteorological  visibility  effects  are  generated  electronically  as  described  telow.  Figure  6 is  a phuti  graph  of  the 
complete  simulator  widi  a 30  cm  ruler  alongside. 

Electronics 


A simplified  electronics  block  diagram  Is  Illustrated  In  Figure  7.  For  simplicity  the  sky  background  electronics  are 
omitted. 


For  a stable  simulator,  needing  Infrequent  calibration,  great  care  was  taken  to  ensure  low  thermal  and  ageing 
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and  generator,  which  is  crystal  controlled,  la  followed  by  a shaper  which  simulates  die  xenon-arc  beacon  response. 
The  shaped  pulse  13  then  amplitude  modulated  In  proportion  to  the  control  signal  Z (exp  (-v  K))/A2.  After  the  LED 
driver  , a changeover  relay  operating  at  1. 5 km  directs  the  pulse  current  to  either  the  long  or  short  range  light 
emitting  diode . 


The  range  signal  for  the  purposes  of  simulation  is  generated  open  loop,  by  a ramp  voltage.  Range  changeover  at 
1.5  km  Is  also  provided.  As  well  as  switching  the  LF.D's,  the  changeover  also  selects  pre-set  adjustments  In  gains 
so  that  the  Intensity  perceived  by  the  tracker  does  not  alter  at  changeover. 


Following  the  upper  line  from  the  Range  Generator,  the  first  block  Is  a switched  attenuator  simulating  the  various 
meteorological  visibilities  required.  The  resulting  R is  exponentiated  by  die  e^*11  block  which  Is  based  on  a diode 
voltage-current  characteristic.  Gain  adjustment  for  range  changeover  matching  follows. 

A divider  produces  the  Inverse  square  law  from  a squarer  (Vjn)  followed  by  another  range  changeover  gain  adjustment. 
The  divider  output:  e"ff  *V  gV  Is  then  multiplied  by  the  turbulence  fading  factor  Z which  Is  generated  as  follows.  A 
whit?  uolse  generator  has  an  output  flat  from  below  25  Hz  to  37  kHz  dropping  at  6 dB/octave  thereafter.  The  band 
pass  filters  are  arranged  to  all  have  the  same  r.m.s.  output.  Selection  of  a particular  filter  gives  choice  of  pulse  to 
pulse  correlation  as  described  In  the  atmospheric  model  above.  The  filtered  noise  Is  amplified  to  different  levels 
such  that  the  final  turbulence  fading  factor  Z has  95%  of  pulse  amplitudes  between  extremes  which  are  harmonically 
symmetrica)  about  the  mean.  The  extremes  selectable  are  + 1:1  (-»  no  turbulence),  4 1.414:1,  +2.236:1,  and  +5:1. 
Thus  + 5:1  gives  max/min  amplitudes  of  25. 


Another  e V*n  generator  shapes  the  filtered  noise  distribution  to  lognormal.  Finally  the  mean  level  change  caused 
by  the  e~vlh  generator  is  removed  by  the  turbulence  selector,  giving  the  normalised  turbulence  fading  factor  Z, 

_ p 2 

Z and  e /R  derived  above,  are  muUlp''ed  together  and  via  another  range  changeover  gain  adjustment,  and  applied 
to  the  pulse  amplitude  modulator,  which  has  greater  than  1000:1  dynamic  range. 


UTILISATION  OF  THE  S1MU1.ATOR 

Worsening  range,  visibility  and  turbulence  combine  to  degrade  the  performance  of  the  tracker.  A convenient  para- 
meter for  assessing  the  performance  Is  the  output  noise  power  spectral  density  of  the  tracker  error  outputs. 

The  error  outputs  arc  measured  by  a true  r.m.s.  voltmeter  with  a 1.6  s time  constant,  via  a 20  llz  low  pass  filter. 

A 5th  order  Butterworth  filter  was  chosen  tv  give  a well  defined  cut-off.  Each  reading  In  volts  r.m.s.  Is  the  average 
of  10  samples.  The  readings  are  then  convened  from  millivolts  to  mllKradlans  by  the  calibrated  transfer  function 
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slope  of  the  tracker.  To  compare  these  results  with  theoretical  figures,  the  r.m.s,  errors  are  converted  to  power 
spectral  density  by  squaring  and  dividing  by  the  bandwidth  In  rad. a”1. 

2 

The  units  ure  then  radians  /radlan/sec.  ns  previously  described,  the  constant  simulated  beacon  Image  size  keeps 
the  transfer  function  slope  constant. 

Comparison  of  practical  and  theoretical  results  for  a particular  tracker  showed  agreement  within  -i  4.4  dB  over  a 
theorerlcal  range  of  20,000:1  In  power.  _ 

Due  to  the  difficulty  of  theoretically  predicting  die  expected  performance  of  the  tracker  In  turbulence  condltiona, 
correlation  of  practical  and  theoretical  results  Is  not  yet  established.  However,  one  of  the  purposes  of  the  simulator 
Is  to  overcome  this  difficulty.  Field  trials  results  were  analysed  to  establish  the  extreme  range  of  correlation  times 
and  turbulence  variations  to  be  Included  in  the  simulator. 

Simulation  of  beacon  circular  motion  at  different  amplitudes  and  frequencies  enables  the  tracker's  transfer  function 
to  be  quickly  established.  This  facility  U particularly  useful  for  mapping  the  edge  of  the  vignetting,  where  the  trans- 
fer function  slope  becomes  non-ltnear. 
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Arc  clouds  taken  into  account  ir  the  background  simulation? 

Author's  Reply 

Tlie  tucker  has  a diffuser  in  front  of  the  detector  which  averages  the  sky  background  across  the  aperture.  For 
simulation  it  is  sufficient  to  provide  a diffused,  substantially  even,  background. 
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TEMPERATURE  TURBULENCE  MEASUREMENTS  AT  AMOS 


Donald  W.  Hanson 
Rome  Air  Development  Center 
Griffiss  AFB,  New  York  13441 

SUMMARY 


Atmospheric  temperature  turbulence  Is  created  by  random,  small  scale,  high  frequency  fluctuations  In  air. 
This  turbulence  degrades  the  performance  of  optical  systems  which  Image  through  the  atmosphere.  Exten- 
sive theory  has  been  developed  which  relates  the  propagation  of  light  through  the  atmosphere  to  the  tem- 
perature turbulence.  Measurements  of  the  temperature  turbulence  above  Mount  Halsakala  on  the  Island  of 
Maui,  Hawaii  have  been  made.  The  emphasis  of  these  measurements  has  been  to  measure  vertical  profiles 
of  temperature  turbulence,  however  the  integrated  value  of  the  profiles  has  also  been  measured.  The  mea- 
surement data  has  been  compared  with  existing  models. 

1.  INTRODUCTION 


Atmospheric  temperature  turbulence  is  created  by  random,  small  scale,  high  frequency  temperature  fluc- 
tuations In  air.  This  temperature  turbulence  degrades  the  performance  of  optical  systems  which  Image 
through  the  atmosphere.  Extensive  theory  has  been  developed  which  relates  the  propagation  of  light 
through  the  atmosphere  to  the  temperature  turbulence, 

1.1  Temperature  Turbulence 


Temperature  turbulence  can  be  described  by  its  spatial  structure  function,  Dy(r) , as  shown  below; 

> 0T(r)  = <(T(r-j)  - T(r2))2) 

where  T(rj)  Is  the  temperature  at  r-j , T^)  is  the  temperature  at  r r = | r-|  - j , and  the  brackets 
/ ^ Indicate  an  ensemble  average.  It  Is  known  that,  for  certain  conditions 


0T(r) 


CT2  r2/3 
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where  Cy  Is  called  the  temperature  structure  parameter,  C-  thus  provides  a measure  of  the  level  of  the 
temperature  t 'bulence.  1 


1.2  Optical  Propagation 


The  temperature  turbulence  described  above  creates  changes  In  the  refractive  Index  of  air.  The  spatial 
structure  function  for  changes  in  the  index  of  refraction  of  air,  D , Is  directly  proportional  to  the 
temperature  turbulence  structure  function,  thus 


0n(r) 


C2  r2/3 
'"n  r 
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where  Cn  Is  called  the  refractive  Index  structure  parameter  and  has  units  of  m , 

between  Cfi  and  Cf  at  a wavelength  of  light  of  0.5pm  Is  given  below: 


The  relationship 


c"  ■ h ■ ’r6y’  c< 

2 

where  p Is  pressure  in  mbar  and  T is  temperature  in  °K.  Cjj  thus  provides  a measure  of  the  degrading 
effect  that  temperature  turbulence  will  have  on  light  propagating  through  the  atmosphere.  As  C2  Increases 
the  degrading  effects  on  light  beams  propagating  through  the  atmosphere  Increases.  A basic  parSmeter, 
r , can  be  used  to  determine  the  performance  of  optical  Imaging  systems  when  viewing  through  the  atmos- 
phere (Fried,  D.L.,  1966).  The  parameter  r.  In  units  of  meters,  Is  related  to  C i as  shown  below. 

o n 


(z) 


dz 
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wbyre  X Is  the  wavelength  of  light,  L Is  the  length  of  the  optical  path  through  the  atmosphere,  and 
'-h(z)  Is  the  value  of  C fj  at  each  point  along  that  path.  The  significance  of  r Is  that  It  can  be 
thought  of  as  the  diffraction  limited  aperture  of  the  atmosphere.  For  telescopes  with  diameters  smaller 
than  r0>  Imaging  performance  which  Is  directly  related  to  telescope  quality  can  be  expected.  For  tele- 
scopes with  diameters  greater  than  r0  Imaging  performance  limited  by  an  effective  aperture  of  the  size 
of  r0  can  be  expected. 


2.  Measurement  Program 


Measurement  of  the  atmospheric  turbulence  above  Mount  Haleakala  on  the  Island  of  Maul,  Hawaii  have  been 
conducted  over  the  past  several  years.  Emphasis  has  been  placed  on  measuring  vertical  temperature  tur- 
bulence and  r0.  Both  measurements  are  made  using  ground  based  sensors  (Hiller,  M.G.  et  al,  1976). 


2.1  Measurement  of  Profiles 

The  turbulence  profiles  were  measured  with  an  Instrument  called  a Stellar  Scintillometer.  The  Instru- 
ment was  made  by  the  Wave  Propagation  Laboratory  of  the  National  Oceanic  and  Atmospheric  Administration 
of  the  II. S.  Basically  the  Instrument  measures  stellar  scintillation  as  a function  of  spatial  frequency 
to  estimate  the  strength  and  location  of  the  turbulence  causing  the  scintillation.  The  Instrument  pro- 
vides data  from  2.5km  up  through  the  atmosphere.  A detailed  description  of  the  Instrument  can  be  found 
In  Ochs,  G.R,  et  al , 1977. 


2.2  Measurement  of  r0 


The  parameter  r was  measured  using  an  Instrument  called  the  Seeing  Monitor.  This  Instrument  wus  built 
by  the  Hughes  Research  Laboratories.  This  Instrument  measures  the  atmospheric  Modulation  Transfer 
Function.  From  this  data  an  estimate  of  r0  can  be  made.  For  a complete  description  of  this  Instrument 
see  Gluliano,  C.R.  et  al,  1976. 

3.  Turbulence  Models 

3.1  Profile  Models 

Based  on  empirical  data  Hufnagel  has  developed  a model  for  temperature  turbulence  as  shown  below 
(Hfunagel , R.E.,  1974). 


C2  = [(2.2  x 1G'53)  h10  (W/27)2  exp  Ch/1000) 
+ 10  exp  (-h/1500)]  exp  r(h,t)  m*2^3 

Where: 
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Tne  parameter  r(h,t)  is  a zero  mean  Gaussian  random  variable  with  variance  2.  Complete  details  on  the 
covariance  function  of  r(h,t)  are  given  In  the  Hufnagel  reference.  The  mean  value  of  predicted  by 
the  model  Is  given  below:  n 


C2  = (6.0  x IQ'53)!,10  (-j^)2  exp  Ch/1000) 

+ 2.7  x 10~16  exp  (-h/1500) 

Since  the  probability  density  function  associated  with  exp  [>ih,tjj  is  skrewed  the  mean  value  is  not 
necessarily  a good  description  of  the  density  function.  The  median  for  C?  Is  given  below. 

C2  = 2.2  x 10"53  h10  (W/27)2  exp  fh/1000) 

+ 10"16  exp  Ch/1500) 

3.2  r0  Model 

Based  on  empirical  data  Fried  and  Mevers  have  proposed  the  following  model  for  the  median  of  r„ 

(Fried,  D.L.  and  Mevers,  G.E.,  1974).  0 

3/5  -3/5 

rQ  = .114  (A/5.5  x 10"'')  (sec  6) 

where  rQ  is  log-normally  distributed,  6 is  zenith  angle,  ana  one  standard  deviation  factor  Is  xl.36. 

4.  Results  & Analysis 

4.1  Profile  Data 

Measured  temperature  turbulence  profiles  arc-  shown  In  Figures  1-4.  These  profiles  are  an  average 
profile  for  the  entire  evening.  Also  shown  In  the  figures  are  the  mean  and  median  values  predicted 
by  a slightly  modified  version  of  Hufnagel 's  model.  Rawinsonde  data,  from  launches  made  at  Hilo, 
Hawaii,  were  usod  to  calculate  W in  the  Hufnagel  model.  The  profile  data  was  typically  taken  within 
four  hours  of  the  rawinsonde  data.  The  rawinsonde  data  was  provided  by  USAF  Environmental  Technical 
Applications  Center  (ETAC).  Tne  model  was  found  to  provide  a better  fit  to  the  measured  data  when 
the  altitude,  h,  was  taken  to  be  the  height  above  Mount  Haleaksla  (3,000m).  Front  previous  data 
better  agreement  between  the  Hufnagel  model  and  the  measured  oroflle  data  was  expected.  However 
an  error  has  been  discovered  In  the  earlier  data  which  negates  that  agreement. 


The  parameter  r0  has  been  measured  at  various  times  throughout  the  year.  Data  for  the  period 
'1  November  1975  to  13  July  1976  is  shown  In  figure  6 (Miller,  M.G.  and  Zieske,  P.L.  1977).  The 
solid  line  Is  a least  square  fit  to  a Gaussian  cummulatlve  density  curve.  This  data  has  been  replotted 
as  shown  In  figure  6 to  see  how  well  the  data  might  also  conform  to  a log-normal  distribution.  The 
correlation  coefficients  for  the  fit  of  the  regression  to  the  data  is  .984  for  the  normal  distribution 
and  .985  for  the  log-normal  distribution.  The  cummulatlve  probability  density  thus  conforms  to  a log- 
normal distribution  as  well  as  It  does  to  a normal  distribution.  More  r0  data  has  been  collected  since 
13  July  1976,  In  total  670  measurements  of  r have  been  made.  The  range  of  measured  r0  values  has  been 
from  3.6  to  17.8cm  with  a mean  value  for  the  670  data  points  of  9.8cm,  at  X=5.0xl0"'m.  The  Fried  and 
Movers  model  predicts  a median  value  of  ro=10.8cm.  The  cumulative  probability  density  function  of  the 
data  taken  since  13  July  1976  has  not  yet  been  analyzed. 

5.  Conclusions 

More  work  needs  to  be  done  before  a model  for  the  temperature  turbulence  profile  above  Mt.  Haleakala  can 
be  developed.  The  rQ  data  is  in  reasonable  agreement  with  the  Fried  and  Mevers  model. 
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DISCUSSION 


M.Tavis,  US 

I note  that  your  comparison  is  good  for  low  rms  wind  speeds  and  very  bad  for  high  values. 

Is  the  acoustic  sounder  operating  now? 

Author’s  Reply 

The  acoustic  sounder  data  has  not  yet  been  analyzed  Wc  intend  to  publish  further  work  in  this  area  when  this 
data  has  been  analyzed. 


J.Rottger,  FRG 

( 1 ) Do  you  include  wind  shears  to  predict  the  C^-profile? 

(2)  It  should  be  checked  if  the  discrepancy  of  predicted  and  measured  C,J, -profiles  at  greater  heights  might  be 
explained  by  the  possibility  that  at  these  heights  the  turbulence  for  these  very  short  wavelengths  is  no  longer  in 
the  inertial  subrange. 

Author’s  Reply 

(1)  The  rms  wind  speed  is  calculated  using  a wind  speed  profile.  Changes  in  wind  direction  are  not  included. 

(2)  1 believe  that  proper  theory  has  been  used  in  the  developing  of  the  instrumentation  used  to  measure  Cj. 


R.A.McClatchey,  US 

It  seems  to  me  that  models  of  turbulence  should  depend  on  vertical  wind  shear  and  vertical  tempeiature  gradients 
and  not  only  on  wind  speed.  Perhaps  differences  between  measurement  and  Hufnagel  model  could  be  used  to 
generate  a somewhat  more  sophisticated  model,  still  dependent  on  ordinarily  measured  meteorological  parameters. 

Author’s  Reply 

Oiiiei  more  coinpiicaiea  models  for  rurbuience  profiles  do  exist  which  include  the  parameters  mentioned  above. 


L.W.Barclay,  UK 

I note  that  there  is  a change  ir  the  ordinate  scale  in  Figure  4.  In  the  four  days  of  results,  there  is  a much  bigger 
change  in  the  model  than  in  the  measurements  for  heights  above  10  km.  Would  you  confirm  this? 


Author's  Reply 

The  ordinate  scale  in  Figure  4 is  correct. 
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SUMMARY  OF  SESSION  X 
EHF  PROPAGATION 

by 

Dr  B Van  Dyl 
Session  Chairman 


The  need  for  reliable  means  for  the  design  of  radio  systems,  is  extending  more  and  more  to  the  higher  frequencies. 
This  statement  was  true  40  years  ago,  it  is  still  true  now.  At  that  earlier  time  the  higher  frequencies  were  in  the  VflF- 
band  (30  -300  MHz);  now  they  are  in  the  EHF-band  (30-300  GHz).  To  spend  one  session  on  this  latter  band,  is 
timely;  to  accept  for  this  session  also  papers  dealing  in  part  o.' mainly  with  the  VHF-  SHF-bandr,  was  a wise  decision, 
since  it  appears  that  still  a lot  can  be  learned  about  the  properties  of  the  propagation  medium  for  those  lower  frequencies. 

In  the  paper  by  Liebc  and  Hopponen,  dealing  with  the  frequency  range  20  < f < 300  GHz,  it  is  shown  that  for  an 
assumed  clear,  inhomogeneous,  nonturbuient  atmospheie,  it  is  possible  to  predict  with  sufficient  accuracy  the  behaviour 
of  the  medium  for  a radio  wave  under  various  slant  path  angles. 

The  data  presented  in  the  paper  by  Fluess,  for  the  frequency  range  1 < f < 300  GHz,  are  under  same  assumed  condi- 
tions as  above,  in  agreement.  In  this  paper  however  also  the  type  and  probability  of  precipitation  and  clouds  are  taken 
into  consideration  for  their  effects  on  the  transfer  characteristic  of  the  atmosphere. 

The  paper  by  Mascng  and  Bakkcn,  considering  a Stochastic  Dynamic  Model  of  Rain  Attenuation,  is  based  on  the 
work  of  S.H.Lin,  who  has  shown  that  rain  attenuation  in  dB  is  lognormally  distributed.  By  the  introduction  of  one  extra 
parameter,  not  only  the  stationary  propci  ties  of  rain  are  taken  into  account,  but  also  the  dynamic  behaviour.  The  latter 
is  done  in  order  to  be  able  to  offset  the  effects  of  train  attenuation  by  power  control  of  the  satellite  communication 
system. 

The  paper  by  Johnson  and  Gierhart  deals  with  a propagation  model  and  a computer  programme  for  the  frequency 
range  0.1  < f < 20  GHz.  The  model  includes  allowances  for;  average  ray  bending,  horizon  effects,  long  term  power 
fading,  vertical  plane  patterns  of  antennas,  surface  reflection  and  tropospheric  multipath,  atmospheric  absorption,  iono- 
spheric scintillations,  rain  attenuation,  reflection  from  an  elevated  counterpoise,  smooth  earth  diffraction  and  forward 
scatter. 

A computer-based  propagation  prediction  programme  is  discussed  in  the  paper  by  Palmer.  It  provides  an  accurate 
means  of  predicting  coverage  areas  for  VHF  and  UHF  systems.  A topographic  data  base  enables  detailed  path-loss  or 
field-5 ticiigiii  calculation  iu  ue  carried  oui  in  the  Giiawa  region.  This  daia-base  can  be  extended  to  other  areas  of  Canada. 

The  paper  by  Maiguinaud  aims  to  determine  the  preferred  transmission  procedure  for  a digital  tropospheric  scatter 
circuit  at  a frequency  of  6 GHz  over  a distance  of  135  km  and  a bit  rate  of  10  Mb/sec, 
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ATMOSPHERIC  MEDIUM  CHARACTERIZATION  AND  HODELLIKG 
OF 

EHF  PROPAGATION  IN  AIR 


H.  J.  Llebe 

Institute  For  Teleconnunlcation  Sciences 
National  Teleconmunlcat lone  and  Information  Administration 
U.  S.  Department  of  Commerce 
Boulder,  Colorado  80303  USA 

and  J.  D.  Hopponen 
Lockheed  F esiles  and  Space  Company 
Sunnyvale,  California  9408B  USA 


SUMMARY 


It  ie  possible  to  predict  the  behavior  of  an  EHF  (frequencies  up  to  300  CHz)  radio  wave  transvers- 
inn  a tlear,  inhomoveneous , nonturhul ent  atmosphere  at  various  slant  path  angles  0.  Molecular  absorption 
spectra  of  major  (0^,  H^O)  and  minor  (e.g.,  0^,  CO,  N'  O)  air  constituents  cause  frequency  dependent 
signal  attenuation,  phase  delay,  ray  bending,  and  medium  noise.  The  interaction  between  radiation 
and  air  is  expressed  through  a complex  refractivity  N,  which  is  c function  of  frequency  v,  total 
pressure  p,  par( I„1  water  vapor  pressure  pu>  temperature  T,  earth  magnetic  iield  strength  H (0  -Zeeman 
effect),  and  trace  gas  densities.  The  N-calcul&tion  fakes  into  account  36  00  lines,  6 H„0  lines 
plus  a nonresonant  spectrum,  and.  if  needed,  includes  trace  gas  spectra  (>100  0,,  2 CO,  64  N.O 
lines),  which  are  generally  very  weak.  The  calculation  scheme  has  been  verified  to  a large  extent  by 
recent  laboratory  raeacurements  of  the  22  GHz  K,0  line,  and  the  60  GHz  0.,  band  plus  119  GHz  line  spectra 
(LIEBE  and  GIMMESTAD,  1978).  Assuming  a distribution  of  the  gas  variables  for  neutral  air  (h“0  to  100  km) 
as  a function  of  height  and  the  radio  path  geometry  (ground-to-ground,  -aircraft,  -satellite,  -outer 
space)  provides  the  basis  for  calculating  the  various  prorogation  effects.  The  height  distributions 
p(h),  p^Ch),  and  t(h)*300/T  may  be  obtained  from  in  situ  data  (e.g.,  radiosonde)  or  from  models  simu- 
lating atmospheres  as  a function  of  altitude,  latitude,  and  season  (NOAA,  1976). 

A tractable  propagation  model  employs  a spherically  stratified  atmosphere  ("onion-shell"  model  of 
thin  quasi  - homogeneous  layers)  to  be  amenable  to  computer  calculations  of  five  integrals:  cumulative 
attenuation  (l.e.,  transmittance),  radio  range,  curved  path  length,  and  noise  temperature  due  tc  up- 
U<>  | H fJO  H (1 UH  UP  ] 7 [I  n o n inisgrfilu  ova  fivsl'j.ltsd  ty  "'jssricsl  aHnn  app 

Romberg  method  to  optimize  computer  time.  Low  ( 0^1°)  elevation  angle  cases  employ  an  analytical  approxi- 
mation to  circumvent  numerical  instabilities.  Since  the  integration  method  uses  finer  steps  than  the 
input  data  provide,  interpolation  la  applied  for  intermediate  values  of  N(v,p,t,H,p  ).  Various  aspects 
typical  of  EHF  propagation  will  be  exemplified  by  giving  results  for  specific  cases? 


1.  INTRODUCTION 

The  relatively  stable  neutral  air  mass  represents  a unique  filter  over  the  EHF  (20-300  GHz)  range 
with  transfer,  shielding,  end  emission  properties  caused  by  microwave  spectra  of  oxygen,  water  vapor,  and 
trace  gases,  nc'  found  at  any  lower  frequency.  The  spectra  cause  selective  attenuation,  transit  time 
variations,  and  Increases  in  the  background  noise  affecting  amplitude,  phase,  and  direction  of  propagating 
radio  waves  as  well  as  limiting  their  detectability.  Confidence  in  EHF  Bystem  design  and  recommen- 
dations on  tne  optimum  use  of  specific  EHF  bands  hluyes  on  the  ability  to  predict  atmo- 
spheric propagation  effects.  Those  inherent  to  ti.e  fjsecus  atmosphere  are  of  foremost  importance  since 
they  are  alwaya  present. 


Any  si  illation  of  radio  wave  propagation  requires  an  accurate  correlation  between  the  physltal 
state  and  the  electromagnetic  properties  of  the  medium.  Thus,  EHF  applications  are  dependent  on  a 
description  of  the  somewhat  complicated  interaction  between  milllnecer  waves  and  the  molecules  that 
comprise  th . atmosphere.  Scattering  Is  neglected  since  the  air  mass  is  assumed  to  be  calm  and 
clear.  The  primary  motivation  for  the  work  described  here  is  to  trsnslatc  molecular  spectroscopy  into 
an  engineering  data  base  which,  in  turn,  is  applied  to  generate  attenuation,  phase  dispersion,  and 
emission  re'es  lor  modelled  radio  paths  within,  Into,  and  through  the  neutral  atmosphere  (h_0  to  100  km). 
The  complex  refractivity  N in  parts  per  million  (ppm)  Is  a suitable  measure  of  the  Interaction.  Over  the, 
EHF  range,  several  air  molecules  (02,  HjO,  0 , CO,  N-0,  and  other  trace  gasee  - KOLBE  et  ml.,  1977) 
exhibit  a >re  than  500  spectral  lines  leading  to  a complicated  expression  for  N. 


For  the  spectroscopic  basis  of  modelling  N we  resorted  to  a variety  of  sources  (LIEBE  and  GIMMESTAD, 
19711  ur.J  references  therein),  including  the  October  1977  version  of  the  Air  Force  Cambridge 
Research  Laboratory  abaorption  line  parameter  compilation  (abbreviated  ALPC)  tape  (ROTHMAN  and  McCLATCHEY, 
1976).  The  first  problem  Is  to  express  N as  s function  of  the  following  variables: 


dry  sir  pressure 
water  vapor  pressure 
temperature  parameter 
earth  magnetic  field  strength 
frequency 

elr.nt  angle  of  radio  path 


P(h) 

Pw<h> 

t"h)  1 
H 


- v° 

■ 3C0/I 


v 

e 


10^  to  10  ^ ?a  (Pascal  ■ N/a*  - 0.01  mbar), 

S 6kPa  . 

0.9  to  2 , . 

2 to  8 x 10~5  T (Tesla  ■ 10"’  Gauss) , (1) 

30  to  300  GHz  , 

0 to  90‘  a zenith  . ’ 


The  various  trace  gas  spectre  (e.g.,  0,,  CO,  N„0) , which  require  additional  variables,  will  not  be 
treated  in  this  paper. 
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The  EHF  refrcctivity  W to  formulated  in  Section  2.  Accurate  knowledge  of  N(v,  p,  pw,  t,  H,  trace 
gae  density)  due  to  detectable  atmospheric  absorption  lines  is  important  in  various  radio  science 
fields  (.e.g.,  wave  propagation,  remote  sensing,  radio  astronomy).  A little-understood  anomalous  water 
vapor  abporption,  particularly  noticeable  in  the  four  window  ranges  (30-50,  70-110,  130-160,  220-280  GHz) , 
Introduces  somo  uncertainty  into  the  otherwise  well  confirmed  calculation  scheme.  In  Section  3,  the 
second  problem  is  addressed  by  numerical  experimentation,  namely  radio  path  behavior  modelling  for  various 
assumed  geometries. 


2.  SPECTROSCOPIC  BASIS 


2.1  Formulation 

The  complex  EHF  refractivity  can  be  expressed  as 

N - N0  + + n;  + j | E1(S1F^)  + r } (pp.Q)  . (2) 

where  Nq  is  the  f requency-independent  refractivity  of  moist  air, 

Nq  * [2.589p  + (2.39  + 41,6t)pw]t  (ppm)  . (3) 

The  froquency-dependt at  molecular  spectra  are  of  two  types: 

(a)  the  line  spectra  of  absorption  (amplitude  attenuation)  SF"  and  dispersive  refraction 
(nonlinear  phase  shift)  SF*  with  a strength  S in  units  of  kHz  and  shape  factors  F*  and  F" 
in  units  of  GHz-^;  the  sums  range  over  all  spectral  lines  given  in  Tables  1-4;  and 

(b)  nonresonant  water  vapor  spectrum  N’  and  N"  due  to  wing  terms  of  very  strong  infrared 
lines  plus  additional  contributions  not  fully  understood. 

Power  attenuation  and  phase  delay  rates,  the  standard  propagation  factors,  are  simply 

a - 0.1820V  Im  N (dB/km)  , (4) 

- 0.0209V  Re  N (radians/km)  , (5) 

where  Im  stands  for  'imaginary  part  of”  and  Re  for  "real  part  of". 


2.2  Shape  Functions 


Common  to  each  opectroscopic  feature  is  an  intenaity-versus-f requency  distribution  function,  the 
shapes  F*(v)  and  F"(v).  For  h<20  km,  resonant  and  nonresonant  spectra  exist.  Their  shape  function*  .ut 
(RQSENKRANZ,  1975): 


(resonant) 


(nonruflonant , Debye  shape) 


y V v f (vQ  - v)  + yl  (vQ  + v)  + yl  ^ 

FR'UL<v0-v^7  (v0  + v>2  + v2J 

+ 2^^224.] 

Vn/L  (V 0"  V)  + Y <v0  + v)i  + 1 J 


2 7 2 

r,\  - rvcv  + r> 


(b),  (7) 


Tq  - 2vI7(v2  + I7) 


(8),  (9) 


which  introduce  the  spectroscopic  parameters  center  frequency  v^t  widths  7,  \\  and  overlap  interference  1_ 

For  h>20  lap,  only  isolated  resonant  lines  are  present , spread  over  a megahertz  frequency  scale. 
Equations  (6)  and  (8)  reduce  to  Ixirentzien  shapes 


fl  ■ <vo  _ u)/’!(vo  " v)?  + y21 


and 


FL  ■ Y/[(v0  * 'j)'  i 


(1.0) 


Peak  dispersion  at  v - Vq*y  and  maximum  absorption  at  v-v^  ate  given  by 


±dN0  - S/2y 


and 


N0"  - S h 


(PP-’’’.' 


(11) 


For  h>40  km.  further  decrease  in  pressure  converts  the  presaure-brosdened  horentaian  lm.c  t Doppler- 
broadened  Gnuesian  with  a different  wfdth 

Yd  - 6.20  10"6V0  //hT  (Cllr.).  (12.) 


where  M is  the  molecular  weight  (e.g.,  OjSM" 32,  t«*l,  v^-GO  GHz*  Y^ 
Loren ts  ar.d  Gaussian  shape  functions  is  called  the  Voigt  profit  a, 

VY/V 


•*65.0  klU)  . The  convolution  t»i: 
which  J&  fcovorned  by  the  parameter , 
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The  Voigt  profile  iB  prominent  when  xv  fells  in  the  range  between  m 10  and  0.1  end  the  numerical  evalua- 
tion of  the  height-dependent  complex  Voigt  function  requires  considerable  computational  effort.  We 
adopted  for  F^  the  fast,  algorithm  (FORTRAN  IV  program)  reported  by  PIPR[.U1SSI  et  al  . (1977). 

For  total  atmospheric  transfer  calculations  associated  with  Rround-to-satell ite  paths  it  is  quite 
adequate  to  keep  the  Lorent.zian  shape  (10)  but  replace  the  width  y with 


/ 2 
y/  Y 


(13) 


The  ireatoent  of  high-altitude  oxygen  lineB  Introduces  further  complications  due  to  Zeeman  splitting 
(see  2.4  be] ow) . 


2 . 3  EHF  Spectruui  of  Oxygen  ((^  MS) 

All  pertinent  information  on  the  02~MS  1b  cor tained  in  Table  1.  Tie  line  parameters  have  been 
reduced  to  five  coefficients  aj-a$  and  are  listed  in  Table  1 together  with  the  center  frequencies  v_. 
Water  vapor  influences  the  O^-MS  through  (15).  The  dependences  on  atmospheric  variables  are:  J 


Tha  associated  strength  is 


s ■ al 

P t exp[o2(l  - t) 1 

(kHz)  , 

(14) 

y - *3 

1 - *4 

(p  + 1.3pw)  I0,9 

P e‘5  . 

(GHz)  , 

(15) 

(16) 

opectruio 

(Vq-0)  exhibits  a Debye  shape 

(7),  (9)  with  s width  of 

r ° 

r - a3 

pt0,9 

(GHz)  . 

(17) 

S - a° 
o 1 

Pt2 

(ppm)  . 

(18) 

The  nonresonant  EHF  contributions  S0Fo  and  amount  to  a small  constant  attenuation  (e.g.#  for  p-101 

and  t**l,  u-0.0064  dB/km;  and  a negligible  dispersion,  but  they  are  an  integral  part  of  the  oxygen  spectrum, 
necessary  in  rhe  F.OSENKRAHZ  formulation  to  keep  predicted  low  altlLude  (h<10  km)  attenuation  rates  for 
V>180  GHz  from  becoming  slightly  negative  and  to  describe  the  C^-MS  for  V‘-'30_GHz.  Without  eqns.  (7)  and 
(9),  K"(02-nb)^0  at  all  frequencies  when  the  at,  coefficients  ot  iinee  i-2i(5  ),  26(3  ) are  reduced  by  6 
percent.  Such  arbitrary  adjustment  docs  not  alter  the  significant  results  (l.e.,  >0.01  dB/km)  of  the 
O^-MS  in  the  EHF  range. 


Typical  examples  of  the  atmospheric  0?-MS  are  depicted  in  Fig.  1,  representing  conditions  for 
h 0-30  km. 


2.4  The  O^-MS  Zeeman  Effect 

For  altitudes  h>40  km,  Zeeman  splitting  of  O2-MS  lines  under  the  influence  of  the  earth’s  magnetic 
fielo  introduce*  considerable  complications  (LENOIR.  1968).  A consequence  of  rhe  Zeeman  effect  is  a 
polarization-dependent,  anisotropic  reflectivity  N.  The  presence  of  a steady  magnetic  field  H splits 
each  line  into  3x(2K~  ±1)  sub-lines  «*ith  their  center  frequencies  located  at 


vz  - V.  4-  nfM.K)*  28.03  H fc.Hzl  . (\9) 

U U • * * 

The  calculation  scheme  for  the  relative  frequency  shift  H of  each  Zeeman  component  is  given  in  Table  2. 
Whereas  unepilt  lines  are  identified  by  one  quantum  number  (Table  1),  the  Zeeman  components  require 
the  additional  magnetic  quantum  number  M varying  in  integers  between  the  K-limiio  given  in  Table  2.  Ine 
maximum  frequency  spread  of  the  components  is  v^+2.2  MHz  (n-1,  !>8xlO-'T). 

The  Zeeman  line  strengths  are  calculated  b;  substituting  in  eqn.  (14)  for  the  value 

a*  - ax  f(H,K)  , (20) 

where  the  calculation  procedure  for  the  relative  intensity  factors  i follcvs  from  Table  2.  The  Voigt 
profile  Is  applied  to  each  component;  these  are  aurmcad-up  in  three  groups  Labled  <T*’f  o“#  and  it.  Depend- 
ing on  the  polarization  and  orientation  of  the  Intervening  wave  or  observing  antenna,  one  or  a mixture 
of  the  three  gtoups  will  contribute  to  the  resonance  Interaction.  We  will  later  discuss  several  examples 
of  atmoepheric  Zeeman  patterns  at  h»55  and  100  km  and  then  elaborate  on  thi6  point.  Table  3 lists  all 
shift*  n and  relative  Intensities  f for  the  lines  K~*l  to  7. 

2. 5  EH1  Spectrum  of  Water  Vapor 

-3 

From  ALPC,  we  read  1838  HjO  lines  up  to  31  THt  when  a maximum  intensity  (v«Vq)  cutoff  of  2x10  dB/km 
(300'  is  applied.  Pot  the  EHF  range,  we  must  consider  six  (pee  Table  4)  and  the  remaining  ones  are 
lump'.  ■ Tito  a nonrssonant  wing  contribution.  Table  4 continues  to  list  the  bpectroscopic  parameters  for 
lines  up  to  1000  GHz,  An  Individual  line  la  described  by 
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s - b1Put3,5exp[b2(l  - t)] 

(kHz) , 

(21) 

Y “ b (p  4-  4.  80p  ) t®‘ 6 

J w 

(GHz), 

(22) 

and 

I - o . 

(23) 

At  altitudes  above  60  km  (p<20  Pa),  Doppler-broadening  has  to  be  considered.  The  Voigt  profile 
(xv<10,  see  Sec.  2.2)  or  the  approximation  (13)  are  used  for  line  calculations.  Water  vapor  lines 
exhibit  a hypeiflnc  structure  on  a kilonettz  scale.  For  example,  for  the  22  GHz  line  five  sub-lineB 
have  been  measured  spread  over  an  interval  of  roughly  vQf 3Yq.  This  effect  shown  in  the  line  shape 
function  when  h>70  km;  however,  the  water  vapor  concentration  in  the  upper  atmosphere  is  quite  uncertain 
(see  Fig.  15)  and  may  not  produce  a measurable  contribution. 

The  nonresonant  H.,0  spectrum  was  cast  into  the  form  (LI EBE  and  CIMKESTAD,  1978) 

N"  - b.  p p ty(W30)7'  + b,  (v/30)1-6t12P2  (ppm)  , (24) 

V H V7  J W 

where  , . ~ 

b.  ■ 1.97  x 10  , b.  * 5x10  (ppm/k.Pa)  , y * 3.5,  z ■ 1.3  . (25) 

it  _> 

This  compares  with  an  empirical  fit  of  reported  background  H^O  absorption,  where 

« 5.6  x 10  5,  b5  - 0,  y ® 3.1,  z * 1 . (26) 

The  example  in  Fig.  2 underlines  the  considerable  uncertainties  In  formulating  the  ncmresonanc  HjO  spectrum. 
Model  1 [(4),  (24),  (26)]  is  based  upon  an  empirical  fit  to  scarce  experimental  data  obtained  between  100 
and  1000  GHz.  Model  2 [(4),  (24), (25)  and  b * 0]  1b  a kind  of  "best  theoretical  entlmate"  obtained  by 
fitting  the  wing  contributions  of  all  ATLC-1 lsted  H2O  lines  up  to  13  THz.  Model  3 1(4),  (24),  (25)] 
accounts  for  30/60  GHz  laboratory  mca3urementa  yielding  an  r' anomalous"  * term.  Further  wore,  is  needed 
to  clarify  the  nonresonant  H.,0  EHF  attenuation,  which  Is  important  in  the  four  window  (see  Fig.  4) 
regions. 

The  most  glaring  unknown  in  the  spectroscopic  br  ;ia  [ ( 2 > — (26 ) ] for  modelling  EHF  radio  path  behavior 
(excluding  trace  gaset)  in  the  clear  atmosphere  is  the  correct  treatment  of  nonresonant  H.,0  absorption. 


3.  RADIO  PATH  MODELLING 

The  complex  refractivlty  N determines  homogeneous  atmospheric  EHF  channel  characteristics  and  is 
adequate  to  assess  short-hep  horizontal  transmisoion.  For  slant  paths  (e.g.,  satellite -to-ground  links, 
radar  tracking,  atmospheric  noise) , radio  path  calculations  are  complicated  by  the  inhomogeneous 
refractivlty  of  the  total  air  mass.  The  cumulative  refractivitv  along  a curved  ray  path  starting  at  some 
ground  level  height  with  s slant  angle  0 (90°  at  zenith)  and  ending  at  some  high  altitude  h^Oi^-*  <“  is 
cuter  space)  leads  to  the  following  four  Integrals  of  interest  to  systems  engineers: 


1.  Curved  path  length  , L - b (0)  dn  (m)  . (27) 

no 

h 

2,  Rad  1 n ranee,  annr nxl mated  an  R " ll  + Re  N 1(1  1 sfOlrih  (re)  . (28) 

- - ■ -•  "c  ' ' 


3. 


4. 


since  ray  tracing  in  lossy  media  might  require  the  full,  complex  N (JONES,  1970). 
Cumulative  attenuation  (with  eqn.  4), 

hl  hl 

A - 0.1820V  / (1m  N)  at  ')  dh  - f «<h>  s(0>  dh  (dP)  (29) 


defining  power  transmittance  T (0,  1 for  opaque,  transparent,  respectively)  to  be 

T - exp (-A/A . 343)  . (30) 

Medium  noise  temperature  caused  by  molecular  emission  unwelling  (t)  and  downwelling  (*) 
along  the  tay  to  (employing  the  Rayleigh-Jeans  approximation). 


h,  « 


0,h, 


+ .+ 


T(h)  Ci(h)T 


(h)  e(9)  dh 


00  . 


CU) 


45-5 


Common  to  all  four  lntegials  la  a differential  of  height,  dh  multiplied  by  an  extension  factor,  o(Q)21,  of 
the  geometric  path  Increments,  which  accounts  for  the  secant  law  and  refractive  ray  bending,  fty  applying 
the  spherical  form  of  Snell's  lsw  and  neglecting  ImN,  the  factor  s(G)  becomes 


8(0)  - 


2 -1/2 


(32) 


(r^  “ 6370  kmf  earth's  radius). 

At  this  point,  we  resort  to  modelling  (computer  simulating)  the  various  "forces"  that  "drive" 
tquatione  (27)  to  (31).  Infrared  line-by-ltna  transmittance  calculations  using  the  AT PA  data  base  (more 
than  100,000  Jincb)  show  how  to  so.t  up  4 portion  of  the  mathematical  framework  needed  to  arrive  at 
practical  answers.  Two  newer  IR  works  are  those  by  TRAUB  and  STIER  (1976)  and  SUSSKIND  and  3 EARL  (1978). 
The  spectroscopic  basis  for  the  EHF  range  is  much  smaller  (Sec,  2)  and  has  the  added  advantage  of  being 
validated  by  us  through  extensive  laboratory  measurements. 


The  2UF  prediction  model  for  clear  air  properties  is  meant  to  utilize  the  fundamental  data  of  the 
first  part  (where  insignificant  details  havi  already  been  left  out)  as  universally  aa  practical  for 
atmospheric  transfer  properties  that  arc  different  from  those  at  lower  frequencies.  Such  a model  extends 
the  field  of  microwave  propagation  and  lessens  time  and  tedium  for  designers,  planners,  spectrum  policy 
etc. 

3.1  Model  Atmosphere 

For  spectroscopic  calculations,  it  is  useful  to  adopt  the  principles  that  led  to  the  66-Level  strati- 
fication model  by  SUSSKIND  end  SBARL  (1978).  Mean  conditions  are  modelled  by  the  U.S.  Standard  Atmo- 
sphere and  its  various  seasonal  and  geographical  nodif icationa  / (NOAA,  1976).  In  situ  data  are  available 
from  radiot  de  ascents  made  by  the  U.S.  Air  Force  Global  Weatner  Center  or  NASA,  among  others.  Whatever 
the  atmosphere  may  be,  model  or  data,  it  la  converted  in  the  computer  into  a apherically-atratif led 
medium  with  n-layeis  each  having  an  assigned  set  of  values  for  p(h),  p (h) , t(h).  Of  these  three,  only 
the  dry  air  pressure  p(h)  follows  to  first  order  a simple  physical  law^  namely  "he  hydrostatic  equation, 
P(h)  - P(hQ>  exp(“h/7)  [see  eqn.  (34)].  The  inverse  temperature  structure  t(h,  o0/T  follows  no  simple 
law  below  h e 80  kc.  and  has  to  be  taken  in  any  case  from  models  or  data.  Water  vapor  pressure  pw(h)  is 
the  most  capricous  atmospheric  variable.  First  of  all,  it  is  highly  variable  within  the  first  kilometer 
freoj  the  surface;  then,  water  vapor  i ? restricted  by  temperature  up  to  the  saturation  pressure  (e.g., 
t"l»  Pw  - 3.52  kPa).  Models  of  tropospheric  b2°  distributions  are  in  NOAA  (3976);  a rough  approximation 
is  giver,  by:  p (h)  * p.  (h.)  exp(-h/2.5).  Various  proposed  water  vapor  distributions  above  the  tropo- 
paucc  arc  shown  in  Fig.  15. 


3.2  EHF  Ray  Tracing  Program 

The  radio  path  is  assumed  to  be  a "ray"  (plane  wave  case).  A computer  simulation  combines  the 
spec truacopic  and  atmospheric  data  bases  to  perform  the  calculations  for  (27)-(31).  The  difficulties 
in  evaluating  these  equations  center  on  (32)  and  t(h).  In  view  of  the  involved  expression  for  N(h),  the 
integrals  are  calculated  by  numerical  Integration.  Adaptive  Romberg  integration  is  used,  which  beglno 
with  a trapezoidal  approximations  and  shifts  to  higher  order  mode*  to  accelerate  convergence.  This  method 
affords  a balance  between  accuracy  and  computing  time. 

The  general  procedure  is  to  calculate  the  local  fi(b)  for  the  programmed  altitude  grid  reporting 
p,  pwt  t and  to  store  Nfjr  ReN(v)  and  ImN(v)  sspaiately  on  (disc-)  file.  The  ray  b tares  at  a surface 
height  h^with  an  elevation  angle  0 and  is  then  guided  by  the  program  through  the  Inhomogeneous  medium 
until  it  reaches  the  intended  final  height  h^. 

The  following  apptoxiemtione  and  refinements  are  built  into  ih«  program: 


i)  Refraction  is  most  pronounced  between  the  two  lowest  data  points  causing  substantial  ray  bending 
when  0 is  small.  Therefore,  at  the  beginning  a large  number  of  sub-intervals  are  generated,  the 
first  ten  layers  spaced  0.5  meters  apart,  the  next  tea  5m,  then  50  meters  ar.d  so  on  until  the 
next  reporting  level  Is  reached,  after  which  the  normal  Romberg  integration  is  performed  for 
all  subsequent  intervals. 

For  0’'1°,  the  computer  evaluation  of  s(9)  requires  an  analytical  approximation  since  (32) 
becomes  numerically  unstable.  An  expression  was  developed  following  BLAKE  (1968). 


ii)  For  any  height,  h between  data  points  h -h-h.  , the  HOP FIELD  (1969)  expression  is  used  to  inter- 
palate  * ^ 


ReN(h) 


KeN(ha) 


(33) 


where  h"g(hjJ”ha) is  the  gss  cnvintant  end  g in  the  gravitation. 1 
acceleration  being  a function  of  altitude  and  lc  .f.tucu) . Equation  (33)  Is  based  upon  the 
hydrostatic  equation 


dp/Uh  “ -fiP&T 


(34) 
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The  refractivity  N(h)  « Nq (h)  is  used  in  (33)  since  the  spectral  contributions  Re  N(v)  are 
generally  leas  than  ] percent  of 

The  values  f.  (h)  and  1m  N(v)  =.  a(h)  are  found  by  linear  interpolation  from  the  values  calculated 

at  h , h.  . 
a*  b 

iii)  Housekeeping  chorea  are  performed  by  the  sub-program  ATMO,  which  convertes  data  to  S.I.  units, 
removes  redundant  values,  and  interpolates  for  missing  levels. 

iv)  The  frequency  grid  for  calculations  of  the  total  EHF  range  had  a 5 GHz  spacing  (Figs.  4,  10,  11); 
for  line  datalla  the  spacings  need  to  be  as  small  as  0.1  y and  the  line  centers  are  treated 
separately  or  forced  to  fall  on  the  grid  points. 

A number  of  test  calculations  were  performed;  e.g.,  a ray  tracing  h » 0 - 100  km  at  one  frequency 
requires  about  3 seconds  computer  time  (UNIVAC  1110). 

3,3  EHF  Radio  Path  Characteristics 

Close  to  surface  levels,  the  60  GHz  0--MS  lines  are  merged  into  a more  or  less  unstructured  band 
shape  (Fig.  la)  whose  maximum  intensity  is  pressure-proportional  until  the  lines  separate  (h>10  km) . 

Figure  4 gives  an  example  of  sea  level  EHF  attenuation.  The  window  ranges  are  very  sensitive  to  the 
amount  of  water  vapor. 

Spectra  are  evaluated  up  to  the  altitude  where  they  have  vanished  (<2  x 10  ^ dB/km)  due  to  a lack 
of  resonant  molecules  or  line  strength.  The  interaction  N(o)  is  always  a function  of  the  amount  of  the 
absorbing  gas.  The  peak  intensities  (eqn.  11)  are  generally  independent  of  pressure  as  long  as  the 
width  is  pressure  proportional  (e.g..  Fig.  lb).  A fixed  width  (eqn,  12)  causes  the  line  to  diminish 
with  decreasing  pressure.  The  transition  between  y and  Yd  occurs  in  the  SHF  range  around  h>70  km,  in 
constraBt  to  an  infrared  line  which  begins  to  disappear  when  h 2 20  km  (Fig.  3).  Stronger  O2-MS  Zeeman 
components  exceed  the  intensity  cutoff  even  at  b - 100  km;  however,  dissociation  to  atomic  oxygen  (h  - 90, 

120  km  leads  to  O2/O  » 99,  25  percent,  respectively)  accelerates  their  disappearance.  We  assume  100  km 
to  be  the  boundary  to  outer  space  for  EHF  radio  path  spectra. 

Tracking  the  maximum  attenuation  of  one  of  the  stronger  02 -MS  lines  (7  ) with  height,  as  depicted  in 
Fig.  5,  we  see  that  the  approach  to  zero  depends  upon  various  assumptions  all  related  to  the  Zeeman  effect. 

Figures  6 and  7 show  the  complete  Zeeman  patterns  for  several  lines  at  h ■ 100  and  55  kra.  Their  calcula- 
tion followed  the  procedure  outlined  in  section  2.4.  Each  Zeeman  component  was  treated  as  an  individual 
lir.c  and  a last  algorithm  for  the  Voigt  profile  Fll  (PIERLUISSI  et  a)..,  1977)  waa  employed.  The  results 
show  that  around  55  km  all  components  are  merged  into  one  line  (Fig.  7)  while  around+100  km  the  individual 
Zeeman  components,  weak  though  they  may  be,  appear  for  O2-MS  lines  with  low  (<  13)  K—  numbers  (Fig.  6). 

The  component  at  V • VQ  is  not  necessarily  the  largest  (i.e.,  0.0033  compared  to  0.0063  dB/km  at  vn  + 1.65 
MHz  Cor  u ).  Lineariy  polarized  radiation  "sees”  (a)  the  ir-pattcrn  when  H is  parallel  to  EHF  magnetic,  field 
component  tt  in  a plane  perpendicular  to  the  direction  of  propagation  or  (b)  the  a • o - pattern  when 

H 4.S  perpendicular  to^j.  Circular-polarized  radiation  responds  either  to  the  o+  or  a - pattern  depending 
on  or  Q • For  cumulative  calculations,  an  approxicaition  similar  to  (13)  can  be  trade  by  replacing 

(15)  with 

Yh  (25  K)2  . (35) 

Equation  (35)  tracks  closely  the  attenuation  a(o,Vg)  as  seen  in  Fig.  5. 

Figure  0 shows  attenuation  a sb  a function  of  height  for  three  frequencies  in  the  60  GHz  band.  The 
pressure  proportional  behavior  of  o(h)  is  valid  up  to  about  15  km,  above  which  isolated  line  behavior 
takes  over  if  there  happer-8  to  be  a line  close  to  the  frequency  of  interest  [e.g.,  Vq(15+)  - 62.998  GHz]. 

Figure  9 gives  an  example  of  cumulative  attenuation  A(h)  at  the  60  GHz  Oj-M5  band  center.  Comparing  the 
results  for  A (Fig.  9)  with  those  for  a (Fig.  8),  we  can  define  a "thickness"  of  the  Inhomogeneous  medium 
in  terms  cl  the  equivalent  homogeneous  attenuation  path  length, 

Rg  ■ A/a  (km)  . (36) 

For  example,  - 155/13.5  - 11.5  km  at  60  GHz  against  zenith  for  a path  starting  at  tig  • 0'. 

Figure  10  displays  the  cumulative  eartb-to-space  attenuation  A along  a nadir  path  through  a warm, 
moist  Bummer  atmosphere  and  a cool,  dry  winter  atmoaphere,  The  winter  attenuation  is  loss  than  in  the 
OUiane'"  except  in  the  regions  of  the  two  (^-Ma  resonances  (60  and  119  GHz).  Lower  winter  temperatures 
increase  the  line  strengths  and  reduce  the  linewiQths  (eqn.  15)  due  to  lower  water  vapor  pressure.  Ihe 
insert  shows  the  fine  otructure  between  50  and  70  GHz  for  a dry  U.S.  Standard  Atmoaphere  1S65.  The  fre- 
quency range  55  to  64  GHz  la  opaque  for  any  sea  level  system  looking  into  space.  As  a prospective  appli- 
cation gains  altitude,  this  shielding  effect  breaks  down  and  several  radio  channels  open  up  with  interest- 
ing transfer  properties.  The  transmittance  (30)  is  measurable  whan  the  atmosphere  is  somewhat  transparent, 
and  then,  it  can  be  detert Tried  either  by  the  absorption  of  a signal  coming  from  the  outside  (sun  emission, 
satellite  beacon)  or  by  the  thermal  emission  originating  predominantly  from  8 kilometer  thick  layers. 

Figure  11  gives  a result  of  atmospheric  nolee  temperature  calculations.  The  evaluation  of  (31)  was 
done  compatible  with  the  surface-to-epuce  methodology  adopted  (see  Sec.  3.2).  The  integral  factors  of 
both  sums,  downwalling  a.id  upwelling,  are  stored  as  a "ray"  is  traced  and  then  assembled  by  uee  of  the 
recursion  relations  > 
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to  yield,  additionally,  noise  temporal. ' at  all  grid  points.  In  regions  of  strong  attenuation,  the 
dovmwelling  noise  temperature  nearly  equals  the  ambient  air  temperature  i,  while  the  upwelling  no.se 
results  from  layers  in  the  upper  atmosphere.  The  summer  atmosphere  yields  similar  cuives  with  slightly 
higher  peaks. 

In.  Figure  12,  we  look  at  examples  of  EHF  phase  dispersion  *(v)  » Re  N(v)  (eqn.  5)  at  three  frequencies 
as  a function  of  height.  The  frequencies  57  and  63  GHz  approximately  yield  the  maximum  and  minimum  phase 
dispersion  for  the  60  GHz  band  close  to  surface  level.  Range  difference  (Fig.  13)  serves  as  a measure  of 
the  effect  of  dispersion  in  the  refractive  index.  Rays  at  57,  60,  and  63  GHz  were  traced  with  and  without 
the  Re  N(v)-contribut ions.  The  difference  at  60  GHz  was  negligible;  however,  at  57  and  63  GHz  appreciable 
range  differences  occur  with  respect  to  the  5 millimeter  wavelength.  The  refractive  electrical  path 
length,  R(Nq)  - 3.38,  103,17  meters  for  0 - 45°,  0C,  respectively,  plus  the  dispersive  path  length  AR 
lead  to  a propagation  delay  time 

4 + A;  (v)  - [R  + AR(v)]/c  (s),  (39) 


where  c is  the  speed  of  light. 

3.4  Atmospheric  Remote  Sensing  at  EHF 

At  selected  EHF  frequencies,  the  air  mass  can  be  utilized  as  frequency  variable  attenuator,  phase 
shifter,  and  temperatui e , pressure,  and/or  density  indicator.  For  example,  the  60  GHz  Oj-MS  band  reveals 
average  temperature  and  pressure  over  a line-of-sight  path  from  a measurement  of  signal  amplitudes  at 
different  frequencies  or  from  a differential  phase  meesuremert  at  two  frequencies  bracketing  the  60  GHz 
band.  The  change  in  strength  of  a radio  signal  at  118.8  GHz  (l"line  center)  is  a good  Indicator  of 
path-averaged  temperature  fluctuations  (LIEBE  and  H0PP0NEN,  1977).  Temperature-independent  attenuation 
in  the  lower  atmosphere,  where  O^-MS  band  and  line  contribution  balance,  could  serve  as  pressure  measure. 

Figure  14  gives  the  result  of  such  a search  in  the  U.S.  Standard  Atmosphere. 

several  atmospheric  molecules  besides  U2  and  H20  exhibit  a rich  EHF  spectrum.  Hone  of  these  lines 
is  detectable  In  the  troposphere  unless  somehow  enriched  in  its  abundance,  which  is  naturally  below  1 
ppm.  Above  h - 30  km,  however,  t.V;  lines  arc  relatively  narrow,  the  natural  abundance  can  increase,  and 
several  stronger  lines  may  a:  feet  the  transfer  and  emission  characteristics  at  frequencies  where  the 
atmosphere  is  not  opaque.  Ii  is  possible  from  a measured  absorption  or  emission  line  shape  to  infer  the 
height  distribution  of  that  pa'  • icular  species  if  the  spectroscopic  parameters  are  well  known.  That 
technique  has  been  successfully  employed  for  ground-based  measurements  of  0 (SHIMABUKURO  et  al.,  1975), 

CO  (WATERS  et  al. , 1976)  ant  for  aircraft-based  measurements  of  H^O,  0~,  CO,  CIO,  N.O  in  the  165  to  280  GHz 
range  (WATERS  and  W0FSY,  1S78).  Typical  results  are  given  in  Fig.  15.  The  quantitative  measurements  are 
accomplished  with  a multi-channel  receiver  detecting  "emission"  against  the  cold  (5  3 K)  cosmic  background 
or  "absorption"  in  the  sun's  emission  continuum  (-5800  K)  to  within  0.1  K. 

A potential  application  to  upper  (has  15  to  15U  km)  atmospheric  research  lies  in  observing  (e.g. , 
from  the  orbiting  Spacelab)  intensity  and  spectral  character^of  EHF  limb  emission.  Weak  signals  are 
enhanced  manyfold  by  the  largest  possible  path  lengths  (>  Mr  km)  at  a given  level  and  by  seeing  them 
against  the  cosmic  background.  Parameters  to  be  sensed  include  atmospheric  composition,  thermal  structure, 
motion  (winds)  along  the  line  of  sight  relative  to  that  of  the  observation  ^oint  (Doppler  shift  of  Vq) , 
and,  from  0 -MS  lines,  reference  pressures  (the  intensities  of  the  lines,  K_  * 17  are  almost  independent 
of  T)  and  magnetic  field  strength  (WATERS  and  WOFSY,  1978).  ! 

I 

Cosmic  background  radiation  fills  the  universe  (=  3 K noise  temperature),  Planck's  radiation  intensity  j 

for  3K  peaks  around  180  GHz.  Results  from  high  altitude  (aircraft,  balloon)  radiometric  EHF  measurements 
confirm  the  existence  of  nearly  uniform  outer  space  emission  when  the  results  ere  corrected  for  atmospheric  i 

path  behavior.  The  anisotropy  of  the  3K  radiation  is  investigated  to  support  theories  on  asymetrlc  expan-  : 

sion  of  the  univeroe  or  irregularities  in  the  distribution  of  matter  or  energy  (GORENSTEIN  et  al.,  1978).  1 

4.  CONCLU'iiONS 

Molecular  absorption  increases  over  the  EHF  range  thus  posing  persistent  limitations  to  EHF  systems 
operating  through  the  earth's  atmosphere.  Transfer  and  emission  properties  depend  upon  frequency,  and 
vary  with  pressure,  temperature,  magnetic  field  strength  and  with  the  nature  and  length  of  the  radio 
path.  Methods  have  been  presented  to  model  these  properties  based  upon  meteorological  height  profiles. 

A reliable  answer  on,  say,  just  one  attenuation  value  requires  a large  number  of  molecular  parameters  and 
elaborate  calculations.  Major  uncertainties  remaining  are  due  to  the  nonresonant  water  vapor  absorption, 
which  is  particularly  important  in  the  window  regions. 
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TABLE  1.  DATA  EASE  FOP.  oj  SPECTRAL  LINES  IN  AIR  UP  TO  1000  GHz 

(after  LIE3E  £nd  GIMMES7AD,  1978  and  references  therein). 
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CALC  ULATION  SCHEME  TOR  'THE  FREQUENCY  SHIFT  u(M.K)  AND  THE 
l'(M,K)  OF  02-IIS  ZEEMAN  COMPONENTS  (See  for  Examples  of  K* 


RELATIVE  INTENSITY  FACTOR 
* 1 to  7 Lines  In  Table  3). 
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Table  4 


DATA  BASE  FOR  H2016  SPECTRAL  LINES  IN  AIR  OF  TO  1000  GHz 


Center 

Strength 

Temperature 

Width 

ID 

Remark 

Frequency 

Exponent 

(lower 

1 

V 

•H 

.o 

b2 

b3 

Quant. 

No. ) 

GHz 

kHz /VP  a 

GHz/kPa 

1 

22.23518 

0 112 

2.143 

28.1  E-3 

5 

2 

3 

68.052 

0.018 

8.75 

28 

>1 

3 

2(1) 

) 

* 

183.310091 

2.41 

0.653 

28.2 

II 

2 

2 

0 

321.225..44 

C.044 

6.16 

22 

II 

9 

3 

6 
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3.59 

1.52 

29 

" 

4 

2 

6 
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12.4  0 
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28.5 

l< 
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1 
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.. 

11 
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6 
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0 
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" 

5 

5 

0 

t 
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6 

6 

1 
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• 
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3 

3 

0 
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5 

5 

1 
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4 

4 
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15 
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1 
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Figure  2. 

Example  of  EHF  nonreaonant  water 
vapor  attenuation  for  sea  level 
conditions  with  dQX  relative 
humidity  (RH).  The  prediction 
models  1-3  are  discussed  in  the 
text  (eqs-  23-26) . 


Frequency,  GHz 


ATT  ENUA1  10  H,dB/fcm 


tJ'l  J. 


ATMOSPHERIC  LINEWIDTH 


*i,«K50GHz  \ 
MICROWAVE 


- — ZEf  MAN 


'D 

(eqn.U) 


*o«30  THz 
INFRARED 


I0!  5 

M 

</> 

2 4) 

IQ3  £ 


2 60gSwI  Barui 


«r5  r4  r3  io'z  r1  i 

Width  y , GHz 

Schematic  atmospheric  linevidth  Yft  versus  altitude  h and  pressure  p.  The  £HF  range 
of  the  pressure-proportional  regime  extents  up  to  h&70  km,  the  infrared  range  ia 
limited  to  h£2Q  km.  The  Zeeman  effect  of  the  0 spectrum  causes  line  shape 
complications  when  h^40  km  (see  Figs.  5-7). 
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Fig.  5 


Examples  of 
I_  ZEEMAN  Patterns: 


1-;  3*  f,  25*  (Fig.  7) 


V O'lg.  6) 


100 


ALTITUDE  It.km 


Attenuation  rate  o0  at  line  center  (max.)  of.  the  7 line  as  a function  of  altitude  h for  both 
Zeeman  patterns  (a, a)  end  two  magnetic  field  strengths  (6  and  3x10  5T) . Also  shown  are  the 
influence  upon  Oc(h)  '.or  Doppler  broadening  alone  (H-0) , for  the  25"H  approximation,  and  for 
the  neglect  of  Dopplur  broadening  (Yn“0,  H“0) . 
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Fig.  6- 


Zeeman  patterns  it  and  0 


+ . - 

a +o 


for  the  7 line  at  an  altitude,  h 


100  km. 


Fit,.  F.  Attenuation  rat  »s  a versus  altitude  h at  three  frequencies  within  the  0,-Mb  band. 


Fla.  9.  X»cr»s<*»  ia  cijuL«tiv»  attait'utlor.  A with  altltrda  h at  50  GHi  for  two  slant  path  angles  0. 


CUMULATIVE  ATTENUATION 
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Fig.  10.  Cunulatlve  EHF  zenith  attenuation  from  aurface  (ho  ■ 0)  to  outer  apace  (h^  * 100  ka) 
for  a Bunmer  (at  ho  - 0:  p - 101,  pw  - 1.90  kPa,  t » 1.020  or  21*C)  and  winter 
(p  • 101,  pw  « 0.44  kPa,  - 1.102  or-l°C)  atmosphere. 

8(Vkn 

Cumi  lativfc  phase  dispersion,  A<p  - j v>vv)dh  . 

o 


ATMOSPHERIC  NOISE  TEMPERATURE 

RAYU>GH-JEANS  APPROXIMATION 
VERTKAL  RAY  PATH 


Fig.  n 


Ataoaphatic  noise  tenperature  iownwelllag  to  the  aarfne.*  <soi  vp.illl.ig  to  » t tallita 
in  zenith  direction  froa  the  U.S,  Standard  aidlatltud*  win' *r  atawai>i:*r*. 
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PHAS£  DISPERSION,  RADIANS/KM 

Fig.  12.  The  diaperaive  phane  rate  <?(v)  aa  a (unction  of  altitude  for  three  fucue  idea  in  the  0,-MS  band. 

<L 


AtajUDE,  KM 


Fig.  13.  Ring-?  error  due  to  atoleculur  pha.e  diapaiaioo  (aea  Fig.  12)  ua  e function  of  altitude  for  two 
1 ceijuen'; tea  within  th*  Oj-MS  bard:  s)  6-43*  and  b,  A*Q*  (taag’n.tlal  petit).  The  refiactiye 
radio  ranee  E(M„)  for  li-O  to  fit  It*  la  also  ; ‘.vac. 
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Fig.  14.  Search  for  temperature-independent  attenuation  fa  * (3a/3T)/u]  in  the  U.S.  Star.  Sard 

Atmosphere  1976  (NOAA,  1976). 
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Fig.  i5.  Aircrtft-  and  ground-b  >*«.•  emieelon  and  abeorption  high  altitude  line  shape  r*«purep«;n.t  cf  H,,Q 
(WATERS  and  WOFSY,  197  •<  Oj  (SHIHASUKURC  et  al..  1975),  and  CO  W-V'dl.S  er  al . , 1976)  :md  l 
varloue  height,  diatrl1  x>.  on  modela  of  the  apecies  for  attempts  to  fit  the  datu. 


DISCUSSION 


Z. Hoi! miner,  Israel 

Mov  would  the  irregular  structure  ot  the  atmosphere  affect  mm -wave  propagation  and  do  you  have  models 
describing  it? 

Aut.ior’s  Reply 

1 he  amplitude  spectrum  for  mm  waves  propagating  in  a turbulent,  clear  atmosphere,  characterized  by  a complex 
refractive  index,  is  modified  by  the  imaginary  (loss)  part  (see  Ott,  R.ll  , and  M. ('.Thompson,  |97fi,  “Atmospheric 
Amplitude  Spectra  in  Absorption  Region”,  llrl  T rans  Antennas  and  Propagation,  AP-2f>  (2),  329-332  and  references 
therein) 
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A COMPUTER  MODEL  DESCRIBING  ATMOSPHERIC  PROPAGATION  OF  MICROWAVES 
FROM  1 TO  300  GHz  INCLUDING  DETAILED  ATMOSPHERIC  CONDITIONS  AMD 
COMPARISON  WITH  EXPERIMENTAL  DATA 


H.J.  Fluass 

Messerschmitt  Boikov  Blohm,  GmbH,  Unt nrnehmensbereich  Flugzeuge 
D-8000  MUnchen  80,  Postfach  801160 

SUMMARY 

For  the  frequency  region  from  i to  300  GHz,  a computer  model  vaa  written  describing 
the  moat  important  atmospheric  effects  on  microwave  propagation.  The  calculation  of 
attenuation,  scattering  and  refraction  is  based  upon  existing  theoretical  and  experi- 
mental investigations  and  fundamental  physical  relations.  Since  this  model  should 
primarily  produce  representative  results  for  Germany,  meteorological  data  evaluated 
from  German  significant  weather  sup  types  were  inserted  into  the  model.  These 
meteorological  data  include  the  probability  of  occurence,  temperature  pressure  rr.d 
humidity  profile,  type  and  probability  of  precipitation  and  clouds.  Hi.icd  upon 
data  some  basic  results  were  obtained  and  compared  with  available  date,  o <',«  statisti- 
cal US-model  atmospheres.  For  practicel  application  of  this  computer  model  ti.u 
reduction  of  the  detection  range  of  radars  ia  shown  as  a function  of  different  ctmos-. 
phoric  conditions.  In  addition,  first  results  of  experiment cl  and  thsorsi  tc*  .1  propa- 
S«t  ion  investigations  are  presented. 

1 . INTRODUCTION 

There  are  several  different  methods  of  determining  the  Influence  cf  tbs  atmosphere  on 
microwave  propagation.  It  is  a vary  rsliable  way  to  study  the  porienunne*  of  each 
microwave  system  such  as  communication  links  and  reconnaissance  sysisu*  under  varying 
atmospheric  conditions  by  experimental  tsot  aeries.  TUf. w h,u«  the  dleadvuntn.gs  oi  being 
time-consuming  and  expensive.  Another  way  is  to  use  physical  ralsviAMb  in  coajjotur 
models  to  simulate  and  predict  atmospheric  effects  on  micewavt  prcj*f«.Uon.  This 
saves  time  and  costa.  But  the  physical  description  in  such  mods! a is  often  not  *do~ 
quate  when  the  modelling  has  been  simplified  with  respect  to  computer  tine  «nd  to 
special  purposes.  Therefore  it  ia  desirable  to  oatisinto  the  confidence  l«vei  of  a 
computer  model  by  experiments  at  leact  in  some  points,  in  order  to  modify  the  model 
if  necessary.  For  the  wavolength  region  from  0,25  to  2d/.n!  such  a computer  model  is 
LOWTOAN  30  (SELBY,  J.EA.  et  al . , 1978)  which  has  been  modified  for  gttbsns!  German 
weather  situations  (ECKL,  V.  st  al.,  1977).  To  cover  t’io  iwir.rcwve  regton  from  t to 
■jou  uhz,  for  operation  research  purposes  ( Integrierto*  Hcwert<in,«,t  mcdclj  fur  AufUIisrunE, 
BOPINET,  E. , 1977)  a computer  model  was  written  which  calculate* 

- signal  attenuation 

- scattering 

- propagation  path  parameters  for 

• any  sens or  target  configuration  and 

• realistic  atmospheric  conditions. 

This  paper  describe*  the  complete  computer  model,  presents  results,  for  typical  appli- 
cations and  first  experimental  data  of  propagation  inv&atigutioiis  together  with 
theoretical  ones. 

2.  TRANSFER  CHARACTER! SVICS  OF  THE  AlHuSRXbSttE 

The  atmosphere  influences  electromagnetic  waves  in  several  wey* : cignal  attenuation 
and  scattaring,  changes  in  phase  and  polarisation,  bes.ding  of  propagation  path  and 
increase  of  background  noise.  These  cilecti  have  been  subjects  of  ni»»rout  theoreti- 
cal and  experimental  investigatione  which  each  cover  only  single  parts  of  the  micro- 
wave region  and/or  some  atmospheric  conditions.  However • the  task  consisted  of  finding 
out  appropriate  references  and  of  adapting  those  to  each  otn*r  to  treat  the  must 
important  propagation  affacts  in  the  microwave  region  trom  i to  GHr.  for  the  most 

occurring  atmospheric  conditions,  Adequately.  The  physical  relations  upon  which  the 
computer  model  is  based  are  outlined  c*  follows. 

2.1  Attenuation  and  Scattering 

The  attenuation  and  scattering  of  signals  is  due  tc  etmoaoheric  gases,  precipitation 
and  clouds.  A#  the  phyjioa,'  7 sw  of  uuparposi  .ion  ia  valid  for  these  effects  too, 
their  contributions  can  be  trusted  sepurctsly  ami  added. 

2.1.1  Absorption  by  Alno spheric  Gales 

Absorption  throughout  the  1 *0  300  tlHz  frequency  region  is  dvie  to  molecular  spectra  of 
major  (02,  HoO)  arid  minor  (j.g.  0-j,  CO,  N.-0)  couatit sent®.  Radiative  transfer,  spectral 
line  absorption,  total  absorption  through  and  emission  by  atmospheric  gases  have  been 
reviewed  by  WATERS.  J.U.,  1978.  hater  v»poi  end  oxygen  hove  to  be  considered  in  thi 
microweve  region  whereas  tue  minor  constituents  can  bn  ignored  up  to  mn  altitude  t*f 
30  km.  The  "Sotheccu.v.  f.  cal  description  cf  the  molecular  spectra  of  water  vapor  and  oxy- 
gen is  baaed  on  the  invec tigations  of  RRSBNKRAN&,  P.W.,  1973  and  t.ISBS,  H.s.,  J977- 
For  water  vepor  the  spectroeoopir  paia'jeters  of  15  lines  are  token  into  account,  for 
oxygen  the  dati  of  <il  lines  (LJfciSE,  H.J.,  1977). 
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2.1.2  Attenuation  can  Scattering  by  Precipitation  and  Clouda 

Attenuation  by  water  and  ice  particle*  1*  due  to  two  physical  effects:  absorption  and 
scattering.  Both  effects  are  considered  for  the  different  particles.  To  calculate 
attenuation  and  scattering  by  rain  the  single  scattering  theory  of  MIE,  G.  , 1906  is 

used.  Data  of  RAY,  P.S.,  1972  are  used  for  the  description  of  ths  dependency  of  the 
complex  index  of  rafrsctlon  of  water  and  ice  on  temperature  and  frequency.  Scattering 
in  the  near  fiald  is  neglected  becauee  of  a lack  of  appropriate  daacrlptiona . Firet- 
order  multiple  acattering  may  ba  expressed  using  the  radar  equation  or  in  terms  of  the 
specific  Intensity  (ISHXMARU,  A.,  1977).  In  principle,  polarisation  effects  can  bs 
calculated  (OGUCHI,  T.  , HOSOYA,  Y,  , 1974).  Xn  the  cosq>uter  model  they  are  only  roughly 
estimated,  because  no  adequate  meteorological  daacription  for  deformed  rain  drops  it. 
available . 

Attenuation  and  backscattarlng  by  snow  is  calculated  according  to  CUNN,  K.L.b. , 

EAST,  T.V.R. , 1959.  Th»  remit*  are  reliable  only  for  frequencies  lower  than  30  Cull, 
where  the  Rayleigh  approximation  is  still,  valid.  For  higher  frequencies,  the  complex- 
ity of  snowflakes  allows  only  rough  approxieutiona . 

Rayleigh  approximation  is  used  to  determine  attenuation  and  acattering  by  cloud*  and 
fog  up  to  frequencies  of  about  100  GHz  because  of  the  small  sizs  of  water  droplets  and 
les  particlss. 

For  frequencies  greater  than  100  GHz  the  complete  Hie -formalism  is  used, 

2.2  Refraction  Effects 

Tire  index  of  refraction  influences  ca  on*  hand  the  propagation  velocity  of  electro- 
magnetic waves  and  or  the  other  hand  th*  propagation  path  outlined  as  follows.  Since 
the  tropospheric  index  of  refraction  is  greater  than  \inity  th*  propagation  velocity  i* 
slightly  lees  than  free  space  velocity.  This  produces  a time  delay  which  affectu  time- 
measuring  system*.  'The  deflection  of  the  propagation  path  is  caused  by  the  variation 
of  the  real  part  of  the  sir  refract  j-Vity . In  this  computer  modal  a ray  tracing  method 
based  upon  the  integral  method  (EDENHOFER,  P.  *t  al . , !~72)  is  used  to  determine  the 

path  parameters  such  as  range  and  angle  of  refraction  a.ud  angle  of  arrival..  The  index 
of  refraction  profile  can  be  inserted  directly  into  the  program  or  is  calculated  from 
the  meteorological  parameters:  taaqieratur* , pressure,  and  humidity.  For  frequencies 
leas  than  20  GHz  the  index  of  refraction  ia  determined  by  the  formulae  of  SMITH  Jr.  E.K. 
and  WEINTRAUB,  S.,  1932.  In  order  to  take  into  account  dispersion,  the  refractivity 
of  air  ia  calculated  for  frequencies  equal  to  and  greater  than  20  GHz  according  to 
LIEBE,  H.J.,  197  • For  a wide  application  of  the  computer  model  an  itaration  technique 
was  developed  to  calculate  the  position  of  an  unknown  target  from  radar  dote  by  forwaxd 
recursion.  By  backward  recursion  this  technique  enables  the  determination  of  elevation 
angle  and  radar  range  for  given  radar  and  target  position. 

3 , KeTJCOKOLUUICAL  DATA 

The  computer  monel  haa  been  designed  for  two  purposes,  namely  operational  analysis  and 
data  correction.  For  operation  research,  system  design  and  predicti  n purposes  model 
atmospheres  are  uaeo  in  this  program  whereas  actual  meteorological  data  s'  a required 
for  propagation  measurements.  To  cover  poislblo  variations  of  atmospheric  conditions 
the  German  Military  Geophysical  Office  - GMGO  - has  determined  two  different  types  of 
model  atmospheres 

- statistical  model  atmospheres  and 

- modal  atmospheres  representing  the  significant  weather  map  types  for  Veet  Germany. 

3,1  Statistical  Model  Atmospheres 

For  pre-design  purposes  and  very  rough  estimations  12  statistical  model  atmospheres, 
which  were  extracted  from  met-orological  obssrvat ions  of  ths  year  1973  in  Germany,  can 
bo  used  (GMGO,  1973).  They  contain  prossure,  temperature  and  water  vapor  profiles  and 
cover  altitudes  from  0 to  12  km  in  layers  of  1 km,  ‘’hast  model  atmosphere*  are  based 
upon  the  separate  evaluation  fur 

- the  southern  part  of  Germany  (Munich  arsa)  and  the  northern  part  (Hannover  area)  and 
represent  for  each  area 

- th*  rvan  and  extreme  value*  for 

* ausssor  (April  - September)  and 

• winter  (Octobor  - March). 

3*2  Significant  Weather  Map  Type* 

For  operational  analysis  and  prediction  characteristic  and  more  detailed  atsiospheric 
condition*  have  to  be  considered.  The  GMGO  has  provided  69  vertical  profiles  of  8 
significant  weather  map  type*  for  this  purpos#  (GMGO,  1973)*  These  are  th* 

- North,  Rest,  East  and  High  on*  for  summer  and  winter  - . 

Thoii  occurence  in  1973  is  shown  in  figure  1.  The  weathsr  map  typa  Vast  has  a high 
percentage  of  occurence  of  60K  per  year  due  to  the  geographic  location  of  Germany. 
Furthermcia,  each  significant  weather  map  type  is  divided  Into  9 profiles  representing 
a day  in  six-hour  intervals.  These  weather  situations  have  been  evaluated  for  North 
and  S.uth  Germany.  To  take  into  account  typical  irregularities  (inversion  etc.)  of  the 
lower  troposphere  tho  vertical  profiled  ar*  spaced  In  100m  intervals  up  to  an  altitude 
of  £kw.  Above  this  height  the  spacing  ia  1km  up  to  12km. 

The  profile*  of  the  significant  weather  map  types  contain  not  only  pressure,  tempera- 
ture and  Humidity,  but  aleo  precipitation  rata*  and  probability  of  occurence  for  rain 
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and  snow,  and  tvpe  of  clouds  with  thoir  typical  size  spectrum  of  droplets  and  their 
vertical  extent.  Following  ciouu  types  are  considered: 

(l)  Cumulus  congestus,  (2)  C.  cuius  humilis,  (3)  Stratus  frac.tua,  Cumulus  fractus 
(4)  Stratocumulus , (?)  Alto :icu.Vu»  <6)  Altostratus,  (7)  Stratus,  (8)  Cirrus  and 
combinations  of  thuSo. 

As  rain  drop  size  distribution  we  use  the  Marshall-Palmer  spectrum  which  seems  to  be 
most  appropriate  for  radar  applications  (ATLAS,  D, , 1964). 

In  table  1,  for  example,  the  iteorological  data  of  the  weather  map  type:  West,  Winter, 
South  Germany,  12.00  - 18.00  are  listed.  The  precipitation  rate  of  0,7  mm/hr  indi- 

cates a steady  rainfall  in  the  order  of  one  hour  which  is  typical  for  this  weathor 
situation. 

The  general  weather  situations  can  be  improved  by  weather  reports  from  special  stations 
in  1973  in  order  to  make  very  realistic  simulations  of  a given  area  for  operation 
research  (GMGO,  1976).  Investigations  of  the  GMGO  have  shown  that  the  behaviour  of  the 
atmosphere  in  1973  was  normal  with  respect  to  other  years  (GMGO,  1977). 

3.3  Actual  Meteorological  Data 

For  measurements  of  microwave  propagation  and  correction  of  data  obtained  by  microwave 
systems  actual  meteorological  parameters  have  to  be  used.  The  structure  of  the  compu- 
ter model  enables  an  easy  exchange  of  data. 

In  addition  to  the  set  of  the  model  atmospheres  described  above,  model  atmospheres  for 
other  areas,  e.g.  US-profiles,  can  easily  be  inserted  into  the  program. 

4 . RESULTS 

To  show  the  variation  of  attenuation  in  the  frequency  region  from  1 to  300  GHz  for 
different  atmospheric  conditions  some  basic  results  obtained  by  the  computer  model  are 
presented.  Furthermore  applications  of  this  model  for  system  design  of  communication 
and  radar  systems  are  shown.  In  addition,  calculated  and  measured  values  of  a propa- 
gation experiment  are  compared  with  respect  to  critical  meteorological  parameters  and 
radar  data. 


4.1  Basic  Statistical  Results 

To  determine  the  design  parameters  of  a communication  link  or  of  a radar  the  attenua- 
tion baaed  upon  statietical  meteorological  data  is  of  interest.  For  this  purpose  an 
example  is  shown  in  figure  2,  representing  the  upper  and  lower  extreme  values  of 
attenuation  per  unit  path  length  dependent  on  frequency  for  the  Munich  area, 

Sumner  '73  and  sea  level.  One  recognizee  the  absorption  lines  of  water  vapor  at 
22,235  GHz  and  183.310  GHz  and  the  absorption  band  of  oxygen  at  60  GHz  and  the  isolated 
1”  line  of  oxygen  ni  iio.750  GHz.  Between  these  lines  and  bands  there  are  the  known 
atmospheric  windows  of  relative  high  transmission.  The  attenuation  values  in  the 
30  GHz  window  ranges  from  0,07  to  0,l8  dB/km,  in  the  90  GHz  region  from  0,2  to  0,6  dB/km. 
The  attenuation  of  the  1)0  GHz  region  is  in  the  order  of  1 dB/km.  Corresponding 
calculations  based  upon  the  US-Standard  Atmosphere  of  1962  end  t.he  Supplemental 
Atmospheres  as  compiled  in  the  Handbook  of  Geophysics  and  Space  Environment  (VALLEY, 

1965)  hive  shown  that  the  upper  values  of  attenuation  are  similar  to  those  obtained 
with  the  Midlatitude  Sumer  Atmosphere  and  the  lower  ones  correspond  with  those 
obtained  with  the  US-Standard  Atmosphere  of  1962. 

As  the  meteorological  data  permit  the  use  of  winter  and  summer  atmospheric  conditions 
the  average  values  cf  attenuation  for  winter  and  summer  of  the  Munich  Area  ere  ploy  ted 
versus  frequency  for  comparison  purposes  in  figure  3. 

The  winter  values  do  not  differ  very  much  from  the  summer  values  due  to  the  fact  that 
the  clinate  its  Mid-Europe  i*  maritime  in  comparison  to  the  continental  climate  in  USA. 
The  variation  of  attenuation  in  one  season  is  greatar  than  the  differsnee  of  tot 
overage  values,  for  sussser  and  winter  (couspr  re  fig.  2 ml U J ' • 

Use  absorption  bands  are  very  eansitive  to  changes  .in  the  content,  of  water  v»po  and 
oxygen.  The  dependence  of  absorption  from  height  can  be  seen  in  figure  4,  in  wi  1 eh 
absorption  rates  versus  frequency  ere  illustrated  for  sea  level  and  an  altitude  of 
10  km.  The  absorption  peak  and  width  of  ths  water  vapor  lines  are  decraaeing  wi th 
increasing  height.  For  oxygen  the  decrease  is  not  so  obvious.  This  sensitivity  in 
peak  and  width  of  the  molecular  absorption  offers  possibilities  to  DU» s remotely  the 
physical  state  of  the  atmosphere. 

4.2  System  Considerations 

To  detsrmine  the  cumulative  transfer  characteristics  along  a slant  path  a numerical 
Integration  assuming  a straight-line  path  through  a spherically  stratified,  layered 
atmosphere  must  be  carried  out. 

4.2.1  Influence  of  the  Atmosphere  on  Communication  Links 

For  ground  to  space  links  the  total  attenuation  through  the  atmosphere  has  to  be  con- 
sidered. The  length  of  the  propagation  path  variss  with  the  zenith  angle  for  links  to 
aircraft  and  nan-stationary  satellites.  Figure  5 gives  an  impression  of  ths  variation 
of  attenuation  for  the  following  parameters:  general  weather  situation  Vest,  Vinter, 
South  Germany  without  hydromsteors  (table  1)  and  zenith  angle  and  frequency.  The 
calculation#  U«v#  been  larriad  out  tor  eenitb  angles  of  0,30  and  80  negroes  for  the 
troposphere  up  to  i 2 km  height.  In  this  example  the  frequency  region  was  limited  to 
10c  GHz,  Up  to  20  GHz  attenuation  does  not  axceed  2 dB,  in  xbs  30  GHx-toand  it  mage* 
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from  0,3  to  2 dB  and  in  the  90  GHz  region  from  1 to  6 dB. 

In  figure  6 the  attenuation  of  the  60  degree  zenith  angle  versus  frequency  is  plotted 
for  the  weather  conditions  West,  Winter,  South  Germany  with  and  without  a rainrate  of 
0,7  mm/hr  and  clouds  as  listed  in  table  1.  Up  to  20  GHz  this  lxsht  rain  is  not  serious 
(leas  than  1 dB)  whereas  the  rain  becomos  a detrimental  factor(lO  dB) ,for  frequencies 
greater  than  80  GHz.  Therefore  transmission  in  this  frequency  region  can  hardly  be 
achieved  under  these  weather  conditions  without  space  diveraity. 

4.2.2  Influence  of  the  Atmosphere  on  Detection  Radars 

The  performance  of  an  active  remote  sensing  system  was  lnveatigated  for  different 
atmospheric  conditions.  The  probability  of  detocting  a target  (SWERLING,  P. , 1954)  by 
means  of  a Ku-band  radar  (17  GHz)  was  calculated  for  the  propagation  conditions:  free 
space,  clear  air  (a  statistical  model  atmosphere)  and  rainrates  of  C or  12  mm/hr 
superimposed.  Rain  backscatter  suppression  was  assumed  to  be  better  than  30  dB.  The 
probability  of  detection  versus  range  is  illustrated  in  figure  7,  For  the  50%  proba- 
bility tha  relative  difference  of  range  is  about  20%  between  free  space  (curve  1)  and 
a rainrate  of  12  mm/hr  (curve  4). 

For  the  weather  aituation  West, Vinter,  South  Germany  with  and  without  rainfall  the 
probability  of  detection  by  two  radars  operating  at  31  GHz  and  90  GHz  non-coherently 
with  the  same  antenna  (Dimeter  lm)  and  peak  power  (20  KH)  were  calculated.  The  radar 
cross  section  of  the  target  was  assumed  to  be  10  m2  for  both  frequencieo.  The  rain 
backscatter  was  not  suppressed.  Figure  8 shows  the  results  of  the  calculations.  For 
the  50  per  cent  probability  the  reduction  of  range  is  about  50%  for  both  radars 
(curve  1-2  for  31  GHz  and  curve  3-4  for  90  GHz).  This  can  eaeily  be  explained 

when  considering  the  volume  backscatter  of  rain.  For  rain  rates  of  i,  6 and  12  mm/hr 

the  volume  backacattering  cross  section  veraus  frequency  is  illustrated  in  figure  9. 

The  croso  sections  have  been  calculated  for  linear  polarized  waves.  The  gradient  of 
the  backscat.tering  cross  section  decreases  with  increasing  frequency  up  to  100  GHz. 

Above  this  frequency  the  cross  section  decreases  according  to  the  rain  rate.  The 
volume  backscatter  coefficient  of  the  rain  rate  of  1 mm/hr  for  90  GHz  is  about  five 

times  greater  than  for  31  GHz.  Having  the  same  antenna  the  beamvidth  in  elevation  and 

azimuth  for  90  GHz  is  one  third  of  that  for  31  GHz.  Although  the  attenuation  for 
90  GHz  is  about  6 times  greater  than  for  31  GHz,  the  backsca t taring  of  rain  causes  the 
same  relative  reduction  of  radar  range  for  both  frequencies  without  rain  clutter 
suppression. 

9.3  Actuai  Propagation  Measurements  and  Comparison  wit!  Theory 

Aa  outlined  already  it  appears  highly  dasirable  to  find  out  the  conformity  between 
the  theoretical  modal  and  experimental  results.  Therefore  propagation  measurements 
are  corritd  cut  to  investigate  the  influence  of  the  atmosphere  on  a high  precision 
tracking  i.stem.  One  point  of  concentration  is  to  study  the  diurnal  variations  of 
range  and  angle.  A further  ai*  in  to  find  out  by  which  meteorological  data  - statistical 
refractivity  profile  or  actual  profile  - the  atmospheric  influence  can  be  described 
adequate:.; . 

4.3.1  Measuring  Range  and  Equipment 

The  experimental  teat  series  was  started  in  summer  1977"  The  measuring  equipment 
(LUTZ,  6.,  1977 ) cunsists  of 

- tne  tracking  radar  AN/Ml’S  36  operated  by  the  DfVLR/German  Space  Operation  Center 
operating  in  the  C-band  with  a resolution  of  0,9u  and 

- a transponder. 

The  tracking  radar  a time's  in  Workorzoll  near  Ingoletadt  on  a hill  536m  high.  The 
transponder  is  placed  on  the  top  of  the  Zugspitze,  the  highest  mountain  in  Garmany  at 
2'-b3*-  'igure  10).  Both  location*  are  gaodetical  points  to  that  the  slant  range 
betwien  the  ant  annas  can  be  determined  exactly  with  l67,l44  km  with  an  error  less  than 
0,5*.  Th*  elevation  angle  lor  line  of  sight  is  0 . 0?  degrees . The  profile  of  the 
terr*i.i  ■■  plot-.od  in  figure  11.  There  is  one  critical  region  for  the  radar  beam  up 
to  a distance  of  10  ka  from  the  radar  location  where  the  bests  of  1.2  degrees  width 
might  .ouch  the  ground.  The  measurements  might  therefore  be  influenced  by  ground 
reflections 

4.5  2 Comparison  of  Measured  and  Calculated  Data 

The  *«* turnd  ranges  were  not  corrected  for  any  atmospheric  effects  in  the  radar  pro- 
cessor. Measured  radar  ranges  on  20th  July  1977,  and  the  theoretical  range  values 
abtaiitic  with  the  computer  model  are  illustrated  in  figure  12.  The  dote  represent  the 
mean  values  cf  300  range  measurements  during  5 minutes.  Before  and  after  these 
measurement.!  the  radar  wee  calibrated  in  range  and  angle.  The  measurements  carried  out 
every  hair  no  or  show  ar.  increase  of  4m  in  the  range  of  167,187  km  for  $.00  a.m.  up  to 
11.00  a.m.  due  '.o  the  diurnal  variation  of  the  refractivity.  An  increasing  cloud 
cover  of  3 4 to  8/8  from  11,30  a.m.  to  5 .00  p.m.  had  s stabilizing  influence  on  radar 
range.  The  variation  of  the  radt>  range  cf  167,191  km  is  about  i,5n  for  this  time 
interval,  T.ie  range  calculated  for  noon  with  the  actuai  profile,  represented  by  a 
crosi  in  figure  12,  lies  within  tha  error  bare  of  the  measured  one.  Using  the  CCIR- 
pref: i*  (rigur-w  13)  we  obtained  a radar  rang*  (cross  with  tire  1)  which  corresponds 
tc  the  value  of  tO  u.ie.  It  differs  free  the  meaaur*d  rail.:.#  by  2m  and  by  l,*m  from  the 
otner  one.  It  mat  be  pointed  out  that  the  measured  range  is  greater  than  the  calcu- 
lated on*  due  tha  fact  that  the  uotual  profile  Is  smoothed  by  interpolation,  and 
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the  natural  f luctuationn  of  the  index  of  refraction  over  the  propagation  path  are  not 
grasped  (fig.  13). 

The  experimental  and  theoretical  results  of  five  other  days  obtained  as  described 
above  are  shown  in  figure  1*1.  The  measured  radar  ranges  agree  well  with  thoae  calcu- 
lated. It  seems  to  be  sufficient  to  use  actual  meteorological  data  obtained  half  way 
between  two  points  to  determine  the  range  in  the  order  of  150  km  with  an  accuracy  of 
lees  than  2ra.  Therefore  position  determine tion  could  he  done  by  a few  range  measure- 
ments of  a high  precision  radar.  How  far  the  exact  position  can  be  found  out  by 

measurement  a of  range  and  angle  the  following  diagram  (fig.  15)  demonstrates.  A great 
discrepancy’  exists  between  measured  and  calculated  elevation  angle  by  this  method  due 
to  ground  reflections  for  angles  less  than  1.5  degrees  (beam  width  1,2  degrees). 
Furthermore,  elevation  angles  loas  than  5 degrees  suffer  from  strong  scintillations 
indicated  by  the  great  error  bars  in  figure  15 . 

The  consideration  of  fluctuations  of  the  index  of  refraction  in  the  lower  atmospheric 
layers  near  the  measuring  system  might  load  to  batter  results  for  the  critical  para- 
meter elevation  angle.  This  lest  series  Is  going  on  and  there  will  be  a report  later 
and  in  more  detail. 

5,  CONCLUSION 

The  results  have  demonstrated  that  the  important  atmospheric  effects  on  wave  propa- 
gation in  the  frequency  region  from  1 to  300  GHz  can  be  sufficiently  described  by  a 
computer  mode).  This  comprehensive  model  can  be  used  for  system  design  and  evaluation 
problems  in  the  Mid-European  weather  scenario  because  statistical  and  characteristic 
model  atmospheres  were  made  available  by  the  GMGO.  The  program  structure  enables  the 
easy  insertion  of  other  statistical  and  actual  meteorological  data  for  example  for 
other  areas  and  for  special  investigations  of  microwave  propagation.  The  tost  aeries 
carried  out  to  study  atmospheric  effects  on  precise  poeition  determination  has  shown 
that  range  measurements  provide  results  with  sufficient  accuracy  using  one  refract! vity 
profile  measured  in  the  middle  of  the  range.  Measuring  and  calculating  elevation 
angles  by  this  method  has  proved  to  be  critical. 
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Table  1:  Vertical  profile  for  general  German  Weather  condition: 
We»t,  Winter,  South  Germany,  12.00  - l8.00  Z, 
Probability  of  Occurence 


HEIGHT  pUFSSuOf  TfMPfQAT,  AR5QLUTE  07HNF  M?0-C0NT . CL^UP  PROS.  OF  PRECIP1-  PRECIPIT,  UNC'ERCOOI  . PRORAR. 


I K,J  « 

|MR*«  ) 

1 KELVIN  1 

HUM  I f j I TV 
f f,  /Ml  1 

0FN5JTV 

(G/«3«F~5] 

OF  CLO'IO 
fr./Mii 

«?FtCTOU* 

CLOUOs 

(ftl 

T0Tin»| 

-RATE 
( MM /HR | 

OF  PRECIP. 
(M 

OF  PRfC 
i%) 

0 >000 

95a. 

279.1 

6. so 

3.6 

0.00 

0.00 

R*IN 

.70 

0.0 

20.3 

.100 

9*<S. 

262.7 

fa  a % II 

3.6 

0.00 

0.09 

RAIN 

.70 

0.0 

20.0 

,.?00 

93*. 

261.7 

ft,*ft 

3.6 

0.00 

0.00 

RAIS 

.70 

0.0 

20.0 

♦ 3QU 

92?. 

282,* 

6.10 

3.6 

0,00 

0.09 

RAIN 

.70 

0.0 

20.0 

.<•00 

911. 

261.9 

6. On 

3.0 

0.00 

0.00 

QA|N 

.70 

0.0 

20.3 

.son 

900. 

261.1 

5. An 

3,« 

0.00 

0.09 

a*  jn 

.70 

0.0 

20.0 

.sou 

89ft. 

280.7 

S a 70 

3.6 

0.00 

0.00 

RAIN 

• TO 

0.0 

20,0 

•TO, 

270..- 

« *" 

3 • ™ 

5.5“ 

j* 

25. C 

„«oe 

660. 

279.3 

8«S0 

3. a 

0.00 

0.00 

RAIN 

.70 

0.0 

20e0 

.900 

«50. 

279.7 

6 a * 0 

3.0 

.16 

* 

75.00 

RAIN 

e 7 0 

0.0 

20.0 

1 .000 

a*a. 

260.6 

7.70 

3. a 

• 16 

* 

75.00 

RAIN 

.70 

0.0 

20.0 

1.10" 

630. 

260.* 

7.70 

* .0 

. 16 

* 

75.00 

RAIN 

.70 

0.0 

20.0 

1 -?GC 

280. 1 

6.9/1 

*.l 

.16 

* 

75.00 

RAIN 

.70 

0.0 

20.0 

1.300 

017. 

2BQ.2 

6.  SO 

*.3 

0.00 

0.00 

RAIN 

.70 

o.o 

20.0 

1 .*00 

ao7. 

280.1 

0.  in 

*.* 

0.00 

0.00 

RA  |N 

.70 

0.0 

20.0 

1 .son 

79ft. 

260.1 

S.  7Q 

* .6 

ft. CO 

0.00 

RAIN 

.70 

0.0 

20.0 

1.600 

786. 

279,6 

S.lf) 

* » 6 

0.00 

0.00 

RAIN 

.70 

0.0 

20.0 

l.’OO 

7 76. 

279.0 

4.  .90 

*.9 

0.00 

c°oo 

RAIN 

.70 

0.0 

20.0 

I.H00 

767. 

276.5 

*.Sn 

5.1 

c.oo 

0,00 

RAIN 

.70 

0.0 

20.0 

1 .900 

759, 

276.  (j 

*>  1 n 

S . 2 

0.00 

0.00 

RAIN 

.70 

0.0 

26.0 

2.090 

7*9. 

2 7 7 .*e 

7.6ft 

5.* 

0.00 

3.00 

RAIN 

.70 

0.0 

20.0 

3.00U 

*»fcn  . 

27C  ,9 

7.70 

s.n 

.1? 

6 

75.00 

$N0» 

.70 

0.0 

20.0 

*.000 

676. 

261.7 

2.00 

S . 7 

0,00 

0.00 

0.00 

0.0 

0.0 

5.00ft 

SC7. 

266.2 

a 7ft 

S . 2 

0.00 

0.00 

0.00 

0.0 

0.0 

6.00c 

4*1. 

752.9 

.*s 

*.9 

0.00 

0.00 

0.00 

0.0 

0.0 

7.00" 

366. 

2-efte  l 

a IS 

*.7 

.0? 

8 

25.00 

o.ro 

0.0 

0.0 

a. oou 

132. 

23*.  < 

• IS 

*•* 

.0? 

6 

25.00 

0.00 

0.0 

0.0 

9.000 

267. 

7)1.1, 

a |n 

5.0 

0.00 

0.00 

0.00 

0.0 

0.0 

10.000 

2*7. 

229.^ 

.OS 

7.2 

0.00 

0.00 

0.00 

0.0 

t.o 

11.000 

?!  1 a 

220. 0 

0.00 

11.0 

0.00 

0.00 

0.63 

0.0 

0.0 

12.000 

179. 

22". a 

0.00 

l*.o 

0.00 

0.00 

0.00 

0.0 

0.0 

k S tratocujuuluj 
6 Altoatratue 
8 Cirrua 


46-9 


Figure 


Figure 


dB 


Frequency 


. Total  attenuation  through  the  troposphere  versus  frequency  for 
Gerrocn  weather  situation  without  precipitation 
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. Total  attenuation  through  the  troposphere  versus  frequency  for  a 
Gernan  weather  situation  with  precipitation 
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Figure  /•  Influence  of  different  propagation  conditions  on  the  probability  of 
detection  of  a Ku-band  radar 
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iguro  8,  Reduction  on  the  detection  ren&e  of  ■ 31  GH*  end  90  CUIz  reder  for  different 
atwo*p}»«ric  condition* 
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DISCUSSION 


.t.Rbttger,  FR( . 

What  defines  the  shape  of  the  shown  curve  of  the  detection  probability  as  function  of  distance  for  free  space 
propagation'-' 

Author's  Reply 

The  shape  of  the  detection  curve  is  dependent  on  atmospheric  attenuation  and  free  space  loss  and  on  the  detection 
mechanism  which  is  used  for  the  fluctuation  of  the  target.  Here  we  used  the  pulse-to-pulsc  fluctuation  according  to 
Swerling's  case  II 


Discussion  note  by  J.Roitger 

The  accuracy  of  your  method  might  be  improved  if  you  take  into  account  the  small-scale  structure  of  refractivity 
variations  in  the  troposphere.  In  Figure  1 I show  an  example  for  typical  structures  observed  with  a vertical  looking 
VHF  radar  operated  by  the  Max-f’lanck-lnstitut  fur  Aeronomie.  This  structure  plot  indicates  lime-varying  layers  of 
enhanced  radar  reflectivity  which  are  caused  by  humidity  and  temperature  variation'  (ref.:  Rottger  J., 
Klostermeyer  J.,  Czechowsky  P , Riister  R.,  Schmidt  G.,  Remote  Sensing  of  the  Atmosphere  by  VHF  Radar 
Experiments,  to  be  published  in  Die  Naturwissenschaften,  IT’S). 


Figure  1 
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CARACTI  RISATION  1)1.  LA  DISIOKSION  I)U  ( ANAL  TROPOSPlUiRlyUL 

par 

A.Margiimaui) 

Thonison-OSIVDITM 
55,  rue  (ireffullic 
92301  Levallois-Perret 


resume 


L ’expose1  truitc  de  trots  sujets: 

• description  du  -Jispositif  cxpirirnental  permcttant  dYvaluer  lc  canal, 

• presentation  et  synthese  des  risultats  de  niesure, 

• reinaripies  sur  la  conception  do  systems  de  reception. 


1.  Le  dlspositif  experimental  pemet  de  mesurer  en  fonotlon  du  temps  ()00  foie  pai’  aeoonde), 
la  fonotlon  de  transfert  du  milieu  sur  lea  2 oanaux  d'ur.e  diversity  d'espaoe. 

Un  autre  dlaposltlf  permet  d'obtenir  avec  une  frdquenoe  d'rfchantlllonnage  raplde 
(8000  fola  par  seconde)  la  vaieur  de  l'amplltude  et  du  retard  do  transr.il bbI on . 

Les  valeura  meaurees  sent  enregistr^es  aur  bandea  magn^tlquos  qui  aont  enaulte  traltdes 
par  ordlnateur. 

2.  Lea  meaures  ont  dtd  effoctudes  pendant  une  durde  de  un  an  environ  sur  une  llaloon  d'une 
distance  de  1W  km  k b GHz,  sur  une  bande  de  10  MHz. 

jues  traitemente  rdalisds  aur  ordlnateur  permettent  d’dvaluer  la  bande  de  coherence,  la 
statlonnarltd  de  la  fonotlon  de  transfert,  l'lmportance  de  la  dlatorelon  du  point  de  vue  dnorgdtlque 
et  retard  de  propagation,  la  correlation  entre  les  paramitrea  caractdrlstlques  de  la  dlstorslor.,  etc.  . 

Dans  le  cats  de  transmission  nutiidrlque  empruntant  un  canal  dlatordu,  on  peut,  solt  chercher 
i corrlger  la  fonotlon  de  transfert  puls  utlllser  un  ddmodulateur  adaptd  k un  canal  parfalt,  eolt  comparer 
le  signal  re;u  aux  dlffdrentes  versions  de  signaux  dldmentalroe  satlmdeo  d'apres  les  slgriaux  ddjii  ddmo- 
dulds.  On  montre  que  oette  deuxldme  solution  est  toujours  supdrleure  d la  premiere  cl  l'on  tlent  compte 
des  slgnaux  prdcurseurs  et  pcotcureeurs , 
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1.-  IN’rtjOjXJCTION 


Dcpms  qudques  annfcs,  la  technique  de  UdjiMiiisMon  par  diffusion  troposphfriquc  pcrmct  d’cnvisagcr  des  debits  flevfs 
a condition  de  prendre  on  compte  revolution  dc  la  distorsion  du  canal  Pai  example  KAY  I 111. ON  et  SYLVAN1A  prfscnlrnt  dcs 
Cquipeim  nts  prfvus  pour  (>  et  I 2 Mb/s.  Plu.icurs  conceptions  sont  propouccs  pour  !a  modulation,  la  demodulation,  !a  tinsc  en 
oeuvre  de  la  diversity  modulation  en  quadrature  i 4 phases  (4  PSK),  modulation  dc  frequence  a deviation  inminiale  (MSK ), 
porlillonnaRe  temporel  (time  gating),  I litre  transverse,  coinbinaison  apres  demodulation,  etc...  . La  collccte  de  dunnecs  precises 
et  varices  (temps  el  c space)  csl  done  d’un  grand  intfret,  ce  qui  exphque  les  campagncs  dc  niesure  actucUcincnt  images  pai  les 
orgamsmes  mililaircs.  C el  expose  ddcrit  le  prmcipe  du  banc  dc  niesure  realist  pour  mrcgislrcr  sur  le  terrain  I nvolution  dc  la 
fonction  de  tuns  fell  instantanfe  du  canal.  C'es  enregistrements  nunicriques  sont  pres  us  pmo  tester  pai  simulation  divers 
prmcipes  de  realisation  de  modem  et  de  diversity  dans  les  monies  conditions.  Par  ailleurs,  on  propose  i'ne  function  caractfris- 
tique  de  la  dislorsion  quo  Port  utilise  ensuite  pour  ^valuer  lc  degrd  de  conflation  entre  les  prinupaux  paranietrcs  dc  la  liaison 

2 DiyPOCIYIK  KXPKRIMLNTAL 


2 .1  Description  de_  la  liaison 

l*i  liaison  est  rlaliscc  en  I KANCL,  la  parlie  Emission  est  situde  a SLK  ANS  (region  parisienne),  la  partie  reception  se 
i-ouve  a LI.  it \ IlO’l  sur  la  Manclie. 

Lee  caract*rlstlqueG  de  la  liaison  aont  1*  a suivantea  : 


distance 

g*ographique 

135  km 

sngle  de 

site  Emission 

- 1,62  mrd 

angle  dt 

site  reception 

- 0, 55  mrd 

di stance 

de  3 1 Emission  k .*cn  horizon 

22  km 

distance 

de  la  reception  & son  horizon 

38,3  km 

altitude 

de  l'^mlfision 

223  m 

altitude 

de  la  reception 

60  m 

dlamfctre 

de  l'antenne  Emission 

3.6  m 

diam&tre 

de  l*antenn©  reception 

3 m 

frequence 

6,375  GHz 

puleoance  Emission 

1 k.W 

On  caract*rlee  habitue llement  la  difficult*  rencontr**  pour  utllle«r  ce  oanaux  par  l«ur 
bande  de  coherence,  c'est-k-dlre  l'*cart  de  frequence  k parti i*  duquel  le  coefficient  de  correla- 
tion entre  lee  amplitudes  de  deux  frequences  porteusea  eat  lnfdrleur  k . 

fi- 

On  consider©  que  le  d*bit  en  fib/a  que  l*on  peut  tranumettre  sane  prdcautian  particulars 
a it  num*riquement  de  l'ordre  de  grandeur  de  la  bande  de  coherence  (en  MHz). 

Lee  calcula  effectu*a  k partlr  dee  modules  clagslques  donnent  lee  valeura  m*dlanos  cl- 
deaeoua  : 


Module 

SUNLE 

RICE 

BEIiO-DANIEIi 

Bands  da  ooM- 
rence  en  MHz 

3,4 

9,3 

1 

50 



Le  d*poui llement  dee  meaures  donne  dee  valeura  instantanies  variant  entre  5 «t  15  MHz.  Cos 
r*aultata  num*rlqueo  conflrment  la  n*oeeslt*  d'ttne  mis©  en  oeuvre  de  proc*d*a  ndaptds  au  oanal. 
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2_jC  Mezure  dc  la  fonotlon  do  transfert  (fig.  1 et  2} 

Li  dlspositif  experimental  eat  conutrul t auteur  d 'un  MLA  (Microwave  Link  Analyser). 

U%  frequence  porteuse  du  signal  dmls  eat  de  la  forme  T-' 4 A'  ■ £ t , expres- 

sion dend  laqutile  las  valeurs  typlquee  ^our  lea  tenures  aoat  s 

T - 6,575  GHz 
&F  - 5 Mliz 
£ . ICO  Hz 

I*  modulation  eat  constitute  par  un  a 1 gnat  dont  ie  spectre  prteente  deux  composantoe 
prlnci pales  dlatontea  de  1 MUz.  A la  reception,  la  oomparalson  de  la  pliaee  da  oes  compoaantca 
cermet  l'estlmatlon  du  temps  de  propagation  de  groupe.  Hi  pratique,  le  MLA  rtoepteur  eat  prt- 
oedt  ci'un  coi;tr81c  nutomatlque  do  gain  raplde  (?00  ms)  qul  foumit  au  MLA  un  signal  de  niveau 
variant  dans  une  plage  de  15  dl'..  11  en  results  quo  1 'estimation  de  l'amplltude  du  signal  dolt 
litre  rdall ate  par  un  circuit  dtveloppt  apAoialement  poor  l'applloatlon. 

Lee  slgnaux  analoglques  enregl strAs  sont  flltrte  par  un  passe-baa  de  frequence  de 
oounure  5 kHz,  pule  tohan^lllonnts  et  multiplexes  k la  frequence  de  8 kHz,  et  enfln  nuntrl.sts 
(8  bits  pat-  dchontlllon)  et  enreglstrts  s.ur  bande  magndtique.  Lee  prlnolpaux  slgnaux  enroglstrts 
sont  : la  frequence  porteuse,  l'amplltude  et  1 'estimation  du  temps  de  propagation  de  groupe. 

? .3  Mcaure  du  temps  de  propagation  ds  groupe  (fig.  3) 

L'kraetteur  tmet  avec  une  porteuse  de  valeur  fixe,  de  aorta  qu'en  utllle&nt  le  m8i.ie 
alspoBltif  de  recaption  et  de  mmtrisatlon  qua  el-dessus,  on  dlapoae  de  8 000  valeurs  du 
paramitre  au  lieu  de  100  dans  la  .tenure  de  la  fonetion  de  transfer!.  Par  allleure,  le  prlncipe 
utllisA  fourn 1 une  estimation  du  retard  de  propagation.  Notons  qu’on  enreglstre  en  m8me  temps 
l'amplltude  du  signal,  oe  qul  permet,  par  example,  d'ktudier  la  correlation  du  retard  de  propa- 
gation avec  l'amplltude. 

2,4  Etude  de  la  diversity  spatlale 

L'objet  de  cette  trolsl&me  approobe  ktalt  de  determiner  si  la  decorrelation  dee  nlvetux 
dee  deux  slgnaux  requa  entrafnalt  la  decorrelation  des  distoralons  aussl  bien  sur  l'amplltude  quc 
eur  le  temps  de  propagation  de  groupe. 

Le  dlspositif  experimental  est  Identlque  a celul  de  l'emleslon  do  la  liaison  unique. 

A l'autre  extremity  de  la  liaison,  on  trouve  deux  chalnes  de  reception  tournlseant  onacune 
le  temps  de  propagation  de  groupe  et  l'amplltude  en  fonetion  de  la  pooltlon  de  la  porteuse.  'Ass 
slgnaux  sont.  ensult"  kchantlllonnke,  multiplexes  et  nunArlsks  par  le  dlspositif  dkjk  decrlt. 

3.-  TRAIUMKNTS  REALISES  SUB  ORLINATEUK 
3.1  Preparation  des  meaures 

On  rappel le  que  lee  valeurs  nunAriques  cities  ne  aont  quo  dec  oxemples  et  qu’ll  faudralt 
des  campagnes  de  mosuree  intend  ves  pour  en  verifier  la  stability  statlstlque. 

Tout  d’abord,  11  s'aglt  de  verifier  que  lee  3 paramktres  caraoteriatlques  du  elgnal  emls 
ont  blen  la  va,leur  convenable  ; 11  s'aglt  de  la  largeur  de  bande  explore  (AT)  , de  la  frequence 
dc  balayage  j et  de  l'eoart  dee  composantes  prlnclpalea  du  signal  de  roesure.  Aprks  quelques 
tStonnemente,  on  a aboutl  aux  valeurs  olteer  au  § 2.2  : oe  eoropromle  a At i determine  A psrtlr  des 
oaracterlatlquea  du  MU'  et  de  l'enreglstreur  magnetlque,  des  cbjeotlfe  do  1’ experimentation 
(10  Mb/e)  et  de  la  statlonnarltA  du  milieu.  Lea  figures  4 et  5 represented  lea  hlstogrammes  des 
ecarts  de  mesurea  k une  mime  frequence  en  fonotion  de  1' intervene  de  temps  qul  leo  separe.  Cee 
reoultats  donnes  k tltre  lndloatif  montrent  que  la  quail te  dee  mesures  eat  aufflsante  pour  lea 
traltements  dAcrlts  par  la  suite. 

Un  oalcul  simple  montre  qu'il  n#  serait  pas  raieonnable  d ' enregl strer  lee  mesurea  sur  de 
lengues  pArlodea,  e'eat  pourquol  on  enreglstre  seuiement  pendant  des  lntervalles  d'une  minute 
dAolenohAs  par  un  sAquenceur.  On  a oonstatA  experiments  lenient  que  cet  Aohantl 1 tonnage  de  l'lnfor- 
matlon  ne  perturbalt  paa  de  faqon  sensible  l'ktude  de  la  distorslon  instantanAe  du  signal. 

Avant  de  prooAdsr  aux  traitemente  intAressante  sur  l'Atude  du  canal,  on  comnen.ie  par 
vallder  lea  enregl atrementa,  par  example  en  v^rlfiant  que  la  restitution  de  porteuse  foumlt 
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une  courbc  proche  de  la  slnueolde  tlidorlque  (en  phase  et  en  frequence).  Une  foie  acqulse  la  vali- 
dation de  1 'enreglatrement,  11  eat  ndceasalre  do  remplacer  par  un  aalcul  d 1 Interpolation  le 
balayage  elnusaTdnl  en  frequence  par  un  balayage  llndalre  pour  ne  paa  blaln._r  lee  r<sultats  dea 
traltemente  ultdrleura. 


3.2  Calculs  de  correlation 

La  correlation  eat  pratlquement  le  eeul  outll  utilise,  c'est  la  ralBon  pour  laquelle  11 
convlent  de  ddgager  aveo  aoln  les  prlnclpee  de  ce  calcul. 


In  formula  1 cl-dasoous  ast  l'expresslon  clasqlque  pemiettant,  en  prlnclpe,  de  calculer 
le  coefficient  de  correlation  f entrt  lee  varl «blea  x et  y dont  on  connalt  la  unite  des 
dcliantlllonn  ^ 

Pour  oalouler  cette  formula  d'une  fagon  gdn^rale,  on  ae  heqrte  A trole  dlfflcultAs  s 

. rfehelle  de  representation  dee  dchantlllons  X, 

. estimation  de  et  ^ , 

. nombre  d'^oiiantl lions  A prendre  en  compte. 


La  solution  adoptAe  dans  les  traltements  a A t-d  de  remplacer  chaque  valeur  3d,  par  son  rang. 
C'est-A-dlre  quo  ‘X.i  est  remplacA  par  le  nombre  d'doliantlllons  de  X qui  sont  plus  petite  que  oc.^  . 
Ces  problftmes  da  statistlques  de  rang  sont  bier,  connus  (KENDALL)  et  condulBent  nature llement  A 
s'affranchlr  de  l'eetlmatlon  des  valours  moyennes.  Du  point  de  vue  thAorlque,  oes  mdthodes  eont 
plus  rohuatea  que  les  proc^dds  de  la  statlstlque  param^trlque  (of.  (1))  et,  du  point  de  vue  pra- 
tique, 1 'organisation  dea  calcul e eat  plua  simple  que  dans  le  caB  pararadtrlque . 


On  a vArlfie  de  fag  on  experimental  que  lea  valeurs  de  ^ OalouKes  d talent  pratlquement 
inddpendar.tes  de  l'dcholle  de  repi’dsenta'.lon  : amplitude,  dB  ou  rang,  oe  qul  Juitlf'ie  lc  oho  lx 
de  la  mdthode  de  oalcul. 


Quant  a la  demlfere  dlff'loultd,  cn  a constate  expdrlmentalement  que  l'on  obtenalt  des 
rf'Eullftta  ldentlques  que  l'on  prenne  5,  10,  20  ou  30  secondes  de  signal.  Comme  on  e'lntdresse  A 
l'aspect  lnstantand  de  la  dlstorslon,  on  offeetue  le  calcul  but  un  lntervalle  de  5 A 10  secondes. 

3.3  Caraotdrlsation  de  la  dlstorslon 


La  mdthodo  habltuelle  conelste  A appllquer  la  fonmile  (l)  aux  amplitudes  seulement,  11 
est  tentant  d 'appllquer  la  m8me  mdthode  eu  temps  de  propagation  de  groupe.  Les  hlstogrammes  de 
uu-s  deux  estimations  Bont  reprdsentde  sur  les  figures  6 et  7 . 

Une  autre  fagon  de  oaraotdriser  la  dlstorslon  consists  k caiculer  1 'hlstogramme  des 
retards  de  propagation  (cf,  fig.  8).  De  cet  hlstogramme  on  peat  estimer  l'dcart  type  c'  de  oe 
retard,  et  alnel  oalouler  la  bande  de  coherence  en  amplitude  par  la  formule  (2)  ; 

en  MHz 
en  nis 

I>8  reeuXtata  obtenua  par  ia  formule  (2)  Sunt  ounipal-aOxSo  A CSuX  da  la  figure  6,  on  ns 
peut  toutefols  se  prononoer  oar  le  dlsposltif  experimental  ne  persist  pas  uno  realisation  slmul- 
tanAe  doB  deux  expArienoes . 

Ins  estimations  precedents*  foumleBent  une  indication  moyenna  du  oomportement  du  oanal, 
11  a dono  AtA  nAoesaaire  de  dAflnlr  une  mosure  de  la  dlotorslon  lnstantanAe . 

Dana  cette  oonfArenoe,  on  en  propose  2.  La  premiers  est  dAcrlte  dans  la  suite  de  oe 
paragraphs  et  a i'lntArtt  de  fournir  une  estimation  eimple  de  la  correlation  ontre  niveau  moyen 
du  signal  et  dlstorslon.  Ia  seconds  sera  exposAe  dans  le  paragraphs  A oar  elle  result*  de  consi- 
derations theoriques  sur  les  MOIEM. 


(2) 


B = -4_ 

*■  h 0" 
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La  fig  are  9 montre  1*  prockd*  utllla*  pour  rkauner  la  diatoralon  lnstantanke  du  canal. 

Le  prockd*  eat  applicable  aueal  blen  au  temps  da  propagation  do  groupe  qu'k  l'amplltude.  SI  lo 
oaial  n'vtalt  pae  dlotordu,  oea  data  quantltka  aeraient  oonatantaa  dans  la  bande.  Etant  donn*  un 
koari  d'amplltude  Aft  (exprim*  en  dn)  on  oherohe  la  valour  da  l'amplltude  ft  (oontre  de  la 
fenUtre)  qul  correspond  au  plus  grand  nombre  d ' kohantl Ilona  d'amplltude  k l'lntkrieur  de 
l'lntervalle  ( ft  - ’j;  i • Plus  do  maxlnuxn  eat  *lev*,  molna  le  oanal  oat  dlatordu.  Men 

entendu,  le  proo*d*  oat  applicable  au  tempa  de  propagation  de  groupe,  aveo  un  *oart  de  tempo  AE 
at  un  oontre  de  fenltre  temporal  t . 

3.4  Correlation  amplltudo-tompa  de  propagation  de  groupe  ( TPO ) 

Loraqu'on  obaervo,  aveo  un  ralcntiasement  de  l'ordre  de  20,  lea  courbea  d'amplltude  at  de 
tempo  de  propagation  do  groupe  eur  10  ou  20  WI2,  on  oonatate  que  lee  2 oourbea  "e'agltent"  ensemble. 
On  vkrifie  4 partlr  dea  enreglstre.nents  que  le  coefficient  de  oorrklatlor  entre  la  dlatorBlon 
d'amplltude  et  la  diatoralon  de  tompa  de  propagation  de  groupe  eat  de  l'ordre  de  0,70. 

C'eat  la  aeule  correlation  que  l'on  a trouvko  er.tre  l'amplltude  et  le  tempa  de  propaga- 
tion de  groupe.  Eil  effet,  on  v*rlfle  que  la  vaxeur  de  la  bande  de  coherence  oalculde  k partlr 
de  l'amplltude  eat  d*eorr*l*e  de  aelle  cnlaulke  k partlr  du  tompa  de  propagation  do 
groups . 


Enfln,  le  ooaffiolent  de  correlation  de  l'amplltude  et  du  tempa  de  propagation  k une 
mSme  frkquenoe  reate  lnf*rleur  k 0,2.  Cea  rkeultate  montrent  qu’ll  taut  eBtlmer  ieo  2 types  de 
diatoralon  pour  dkmoduler. 

3 5 Correlation  niveau -diatoralon 

Pour  Aft  et  At  fix*a,  on  dlapoae  dea  deux  valeure  dee  centrea  de  fenStre  A et  E 
que  l'on  peut  oorr*ler  avec  lea  2 dletoralcno.  On  a obtenu  lea  valeura  du  coefficient  de  corre- 
lation donndee  par  le  eolikma  el-deasoua  t 


Cea  valeura  r.umkrlquea  ooncernent  la  coraportement  lnetantan*  du  signal  et  on  peut  obtenlr 
dea  rkaultata  appareoment  dlffkrente  el  on  8 'increase  par  example  a la  correlation  du  niveau 
median  aveo  la  frkquence  dana  le  oaa  de  fortee  diatoralono. 

ti'ordre  de  grandeur  dea  valeura  nunkrlquen  du  aohkrna  ol-dessua  montre  qu'il  y a peu  k 
eepkrer  de  la  priae  en  ooneidkro tlon  du  niveau  du  signal  ou  de  eon  retard  pour  eatlmer  le  risque 
d'erreur  entrain*  par  la  dletorelon  du  oanal.  C#  rkaultet  eat  Important  pour  l'utlllaatlon  de  la 
dlveralt*  pulaqu'll  dkmonire  quo  ohaque  rkoopteur  doit  po sender  aori  eatlmateur  de  degr*  de 
oonflanoe  lnetantan*. 

3.6  Correlation  d'eauaoe 

Lea  emplacenienta  dee  deux  akrlene  de  reception  ont  *t*  oholele  de  faqon  k s'aseurer  que, 
pour  touts  frequence,  lea  pararaktrea  d'amplltude  (ou  de  tempe  de  propagation  de  groupe)  sent 
d*oorr*l*e  our  lea  deux  voles  do  reception . 

Lea  prerJ.krea  exploitations  montrent  quo  lea  dlstoralone  aont  d*oorr*l*ea  our  lea  deux 
volea  ooane  le  mor.tre  le  eoh*ma  ol-deaaoua  I 


vole  1 


vole  2 


diatoralon  de  TPO 
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Ces  rdsultats  sont  fi.vorobles  car  11b  montrent  que  1b  diversity  permet  de  rBdulre  le 
taux  d'erreur  dO  aux  distorslona. 

4.-  HI  MARQUIS  SUR  LA  CONCII’ I [UN  Ull  SYS  I I.MI  1)1.  R1  ('UM  ION 

4.1  Cl.olx  du  code  de  modulation 

Iog  valeurs  mnerlctes  obtenuea  montrent  qu’ll  ost  ndcoaaalre  de  mettre  en  oeuvre  des 
mdthodes  adaptatlves,  Cette  adaptation  permanente  eat  Aqulvalente  A une  estimation  en  temps  rdel 
de  la  fonctlon  de  transfer t.  On  congolt  que  cetto  estimation  sera  faolle  A mettre  en  oeuvre  si 
les  spectres  des  slgnaux  Aldmentalres  sunt  Agaux  ou  proportlovmels  entre  eux.  En  effet,  la  connale- 
sarice  de  la  distortion  suble  par  un  seul  signal  e 1 Amental  re  permet  de  oonstrulre  la  dlstorslon 
suble  par  les  » jtre  slgnaux  dldmentalreo . Cette  remerque  limits  dona  le  cholx  aux  modulations 
par  saut  de  phase  ou  d'amplltudo . Dans  l'dtat  actual  dea  besoins  on  peut  s'en  tenir  A la  modulation 
en  quadrature  de  phase. 

4.2  Utilisation  de  la  diversity 


Avec  une  bonne  approximation,  on  peut  considBrer  que  les  erreure  dues  a la  degradation 
du  rapport  signal  sur  bruit  Ataient  lnddpendantes  de  celles  dues  A la  dlstorslon. 

II  faut  done  prdvolr  une  mesure  du  degrA  de  conflonee  attache  a oliaque  ddolsior.  elemen- 
tal re  stir  chaque  vole. 

L'evolutlon  des  coQtc  et  drs  possibilities  de  traltement  molts  fortement  A utllleer  un 
dimodulateur  adapti  aveo  l'tndloateur  de  qualite  sm  ohaque  vole  receptrlce. 

JL2  Demodulation  adaptde 

L' adaptation  b.  la  reception  oomprend  done  Quatrc  types  de  tralteucnts  i 

, estimation  de  la  dlstorslon, 

. prise  en  compt-e  de  la  dlstorslon, 

. reconnalsa.'inoe  de  la  suite  de  slgnaux  Aldmentalres, 

. comblnalson  dea  Informations  recuellllea  sur  chaque  vole  de  dive-el te. 

Ces  operations  ne  eont  pas  forcemeat  reallsees  dans  l'ordre  cl-deBaue.  Par  allleure,  noue 
allona  montrer  que  la  rooonnalssanoe  des  slgnaux  eiementalres  dolt  Btre  organleee  d'une  fagon  dlffi- 
rento  de  cello  utlllsee  dana  lee  tranemleelone  de  donnees  pour  lesqrolles  la  dlotoreion  d'amplltude 
eat  falble. 

En  effet,  on  peut  eolt  eorrlger  le  signal  regu  pour  qu'll  resBemble  A un  signal  pat  fait. 

Bolt  comparer  chaque  elgnal  regu  aux  versions  dletordues  eutimeee , 

On  pout  representor  le  signal  emls  par  une  serle  trlgonomAtrique  de  la  forme  (3  ) i 

0)  Alt) 


La  tran^ilB3lon  lntroduit  du  bruit  additif  d4slgn£  par  la  suite  des  valsurs  'TV  ©t  un© 
distoreion  des  ccwj>’oeantes  repr^s©nt4e  par  les  couples  d©  paramitreo  (f^c;  V*  )• 


Oil  pa 


.iu(  - < . 


fh\  PQTJRHuR  ; 


(4) 


si  (^)  [ a..^  c<ra(u?tt+  Yc  4 Vi)  * r-x-c  t ♦ 6^)  ] 


Comme  la  statlonnarlte  du  oanal  est  oonvenable  sur  plueisurs  oentalnes  de  slgnaux  <1<- 
mentalrea,  on  peut  aboutlr  A una  exccllente  estimation  dee  couple*  de  paramAtres  } sauf 
peut-Btra  pour  les  oompoiantes  trie  af fat biles. 
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(5) 


Dana  oes  conditions,  le  Bignal  eorrlgd  (proodad  olaeeique)  est  donne  pur  (',)  : 

4(t)  » e®9(‘*>ib  + ,fi)  ~ Co*  (u}L  t 4 &[)  ] 


U-  d^modulsteur  realise  1'opdratlon  auivanta  i 


(6) 


E('JS(t).»M<ic)  = I[a‘-(^)‘j 


Le  rapport  signal  sur  bruit  vavt  alora  f . 


(?) 


,.1±L 


£(r.t 


Dana  la  d Modulation  odaptde  Is  8i®ial  da  riftlranoe  est  la  signal  diatordu  dont  l'expres- 
llou  est  donnde  par  (8)  i 


(9) 


n( t)  = Z.  ft®a(wit+  tt) 


la  CModulateur  sdaptd  rdallee  1' operation  (9)  1 


(9) 


(30) 


E(j£M  n(t)  **)  - Z C K **  ] 


Lo  rapport  signal  our  bruit  vtut  alora 


- . £(a‘^ 
V Z 


Fom  effeotuer  la  oomparalson  dee  oa^rccBiona  (7)  at  (±0)  11  cat  oomnoda  de  ;*l*€lkdrf>  touff 
lwo  rfgaux  & -H  «t  touz  X jb  Cl^  rfgaux  i 0c  oe  quJ  donna  lee  exprepeior*  (11)  i 


V II 


(id 


FC  4 P 

v ""C 


o 3 j*  _£il 

Jt.  fA 


Uii»  tndgailc*  olasalque  do  ooro'inatolre  (of.  SffiC'JN  et  AlftAMOWTiS)  mc/ntr*  quo  l1  on  a 
toujour.?  i 


(I'll 


Oe'te  inigaliti  (12)  s'expliquc  physiquer, 'nt  par  le  fait  que  le  bruit  du  rcccptcur  titui  jam  lei  parties  af faiblica  du 
spectre  est  remonti  pi«r  lc  filir;  conyc'eur  de  d'stursion- 
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Is:  rapport  — peut  done  atrvir  de  pararaktre  oaraotirletlque  de  la  dlatorslon  lnetantanie 
du  canal . f t 


U figure  10  qui  reprisente  un  histogramme  lies  valours  relev6cs  pour  cc  parametre  d montre  que  la  perte  due  4 une 
correction  mal  adaptdc  dc  la  dislorsion  est  sup6rieuic  4 2 dB  pendant  1 % du  temps. 

Dans  I’expression  (13),  la  dislorsion  de  phase  n'appa.-ait  pas,  ce  qui  nc  signifiu  pas  qu’on  n‘a  pas  4 s’en  prdoccupcr. 

Par  cxcmple  si  I’on  utilise  uric  modulation  a 2 voies  cn  quadrature  (4  PSK,  MSK),  on  ne  peut  extraire  ces  2 voies  4 ia  reception 
pat  un  lidtirodyriapc  en  quadrature  car  les  composantes  spectrales  du  signal  n’onl  pas  tourn£  dc  la  meine  quantity.  II  en  r4sulte 
qu’il  faui  intruduire  une  coneciiun  de  la  distorsion  de  pha,e  avant  de  siparcr  les  2 voies  en  quadrature. 

Cette  derniere  remarque  ainsi  que  les  rdsultatsde  mesum  dc  la  corrdlation  suggerent  une  organisation  de  ia  reception 
repr^sent^e  sur  la  figure  (11) 

fi...  C0NCUJ3I0N 

Cet  expoet  a tale  en  relief  l'aepoot  lsglolel  de  la  transmloB) on  numirique  per  diffusion 
troposphdrlque  en  raison  de  la  nouveauti  das  prooidie  k mettre  en  oeuvre.  Cotte  nouveauti  rdault® 
de  1* Introduction  de  traitementa  * labors b du  signal  que  l'on  ne  renoontre  pas  de  fagon  hebltuelle 
dans  leo  falaceaux  hartziens  analog) quea.  Lin  diptt  de  I'intdrSt  considerable  de  oee  Etudes,  11 
no  faut  paa  perdre  de  vue  que  le  oodt  des  iquipementa  de  trei Cement  continuers  do  diorottre  en 
valeur  relative,  de  aorto  que  la  partle  onireuae  et  difficile  k rkallser  eur  ).e  plan  technique 
restart  l'ktnge  de  pulaaanoe  k l'dmlaslon.  En  risumi,  1'augnentation  den  dibits  eet  envl nagoable 
gr3ce  aiix  progri*  oonoeptuols  et  tenhnoiogiques  dans  le  domain*  du  traltereent  male  lea  perfor- 
mances roBtent  11ml ties  par  lea  donnies  de  la  themodynamque  et  de  la  propagation. 
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Fig. 3 Mesure  du  temps  de  propagation  de  gtonpe 


Fig. 6 Histogramme  de  la  valeur  de  la  bande  de  coherence  pour  I’affaiblissement 
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Fig. 7 Histogramme  de  la  valeur  de  la  bande  de  coherence  pour  le  temps  dc  propagation  de  groupe 
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SUMMARY 

The  United  States  Department  of  Commerce  (DOC)  has  been  active  in  radio  wave  propa- 
gation research  and  prediction  for  several,  decades,  and  has  provided  the  Federal  Aviation 
Administration  (FAA)  with  many  propagation  predictions  relevant  to  the  coverage  of  air 
navigation  and  communications  systems.  During  1960-1973,  an  air/ground  propagation  mod- 
el applicable  to  irregular  terrain  was  developed  by  the  Office  of  Telecommunications/ 

Institute  for  Telecommunication  Sciences  (OT/1TS)  for  the  FAA  and  was  documented  in  de- 
tail. This  IF-73  ( ITS-FAA-197 3 ) propagation  model  has  evolved  into  the  IF-77  model, 
which  is  applicable  to  air/ground,  air/air,  ground/satellite,  and  air/satellite  paths. 

It  can  also  be  used  for  greund/ground  paths  that  are  line-of-sight,  smooth  earth,  or 
have  a common  horizon.  Model  applications  are  restricted  to  telecommunication  links 
operating  at  radio  frequencies  from  about  0.1  to  20  GHz  with  antenna  heights  greater 
than  0.5m.  In  addition,  the  elevation  of  the  radio  horizon  must  be  less  than  the  ele- 
vation of  the  higher  antenna.  The  radio  horizon  for  the  higher  antenna  is  taken  either 
as  a common  horizon  with  the  lower  antenna  or  as  a smooth  earth  horizon  with  the  same 
elevation  as  the  lower  antenna's  effective  reflecting  plane. 

This  propagation  impdel  has  been  incorporated  into  ten  computer  programs.  These  pro- 
grams may  be  used  to  obtain  a wide  variety  of  computer-generated  microfilm  plots  such  as 
transmission  loss  versus  path  length  and  desired-to-undesired  signal  ratio  at  a receiv- 
ing location  versus  the  distance  separating  the  desired  and  undesired  transmitting  facil- 
ities. Such  capabilities  are  useful  in  estimating  the  service  coverage  of  aerospace 
radio  systems,  and  are  currently  being  used  to  establish  station  separation  requirements 
for  VHF/UHF/SHF  air  navigation  aids.  This  paper  provides  (1;  a brief  discussion  of  the 
IF-77  propagation  model,  (2)  a summary  of  the  prediction  capabilities  available,  and  (3) 
remarks  concerning  model  validation  work. 

1.  INTRODUCTION 

Assignments  for  aeronautical  radio  in  the  radio  frequency  spectrum  must  be  made  so 
as  to  provide  reliable  services  for  an  increasing  air  traffic  density.  Potential  inter- 
ference between  facilities  operating  on  the  same  or  on  adjacent  channels  must  be  consid- 
ered in  expanding  present  services  to  meet  ruture  demands.  Service  quality  depends  on 
many  factors  including  the  desired -to-undeaired  signal  ratio  at  the  receiver.  This  ra- 
tio varies  with  receiver  location  and  time  even  when  other  parameters,  such  as  antenna 
gain  and  radiated  powers,  are  fixed. 

The  prediction  capabilities  mentioned  in  this  paper  were  developed  at  OT/ITS  with 
the  sponsorship  of  the  FAA.  Although  these  were  intended  for  use  in  predicting  the  ser- 
vice coverage  associated  with  ground-  or  satellite-based  VHF/UHF/SHF  air  navigation  aids, 
they  can  be  used  for  other  services. 

2 . PROPAGATION  MODEL 

At  0.1  to  20  GHz,  propagation  of  radio  energy  is  affected  by  the  lower  nonionized 
atmosphere  (troposphere) , specifically  by  variations  in  the  refractive  index  of  the  at- 
mosphere. Atmospheric  absorption  and  attenuation  or  scattering  due  to  rain  become  impor- 
tant at  ShF . The  terrain,  along  end  in  the  vicinity  of  the  great  circle  path  between 
transmitter  and  receiver  aiso  plays  ar.  important  part.  In  this  frequency  range,  time 
and  space,  variations  of  received  signals,  and  interference  ratios  lend  themselves  read- 
ily to  statistical  description. 

Conceptually,  the  model  is  very  similar  to  the  Longley-Rice  propagation  model  for 
propagation  over  irregular  terrain,  particularly  in  that  attenuation  versus  distance 
curved  calculated  for  the  (a)  line-of-sight,  (b)  diffraction,  and  (c)  scatter  regions 
are  blended  together  to  obtain  valuef  in  transition  regions  (Longley  and  Rice,  1968). 

In  addition,  the  Longley-Rice  relationships  involving  the  terrain  parameter  Ah  are  used 
to  estimate  radio  horizon  parameters  when  such  information  is  not  available  from  facility 
siting  data.  The  model  includes  allowance  for 

(a)  average  ray  bending  (Bean  and  Dutton,  1968;  sec.  3), 

(b)  horizon  effects  (Gierhart  and  Johnson,  1973,  sec.  A. 4.1), 

(c)  long-term  power  fading  (Rice  et  al.,  1967,  sec.  10), 

(d)  vertical  plane  patterns  for  both  antennas  (Hartman,  1S74,  sec.  CI-D.3), 

(e)  surface  reflection  multipath  (Hartman,  1974,  sec.  CI-D.7), 

(f)  tropospheric  multipath  (Gierhart  and  Johnson,  1973,  sec.  A. 7), 

(g)  atmospheric  absorption  (Rice  et  al.,  1967,  sec.  3), 

(h)  ionospheric  scintillations  (Whitney  et  al.,  3971), 
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(i)  rain  attenuation  (Samson,  1975,  sec.  3), 

(j)  reflection  from  an  elevated  counterpoise  (Gierhart  and  Johnson,  1973, 
sec . A. 4 . 2) , 

(k)  smooth  earth  diffraction  (Longley  and  Rice,  1968,  sec.  3.2), 

(l)  knife-edge  diffraction  (Longley  and  Reagoner,  1970,  sec.  3.5),  and 

( m ) forward  scatter  (Rice  et  al.,  19C7,  sec.  9). 

Input  parameters  for  IF-77  are  summarized  in  figure  1.  Note  that  the  minimum  parameter 
requirement  is  frequency  and  antenna  elevations  (HI  and  H2) . 

The  above  discussion  provides  a very  brief  description  of  the  IF-77  model  and  con- 
tains sufficient  specific  references  to  allow  readers  to  pursue  topics  of  interest  to 
them.  However,  additional  discussion  is  provided  here  for  some  parts  of  the  model  that 
may  be  of  particular  interest  in  connection  with  the  predictions  made  for  aerospace  sys- 
tems with  line-of-sight  service  limitations;  i.e.,  power  available  (sec.  21.),  median 
basic  transmission  loss  (sec.  2.2),  and  variability  (sec.  2.3). 

2.1.  Power  Available 

Power  available  as  calculated  in  IF-77  is  taken  as  the  power  available  from  the  re- 
ceiving antenna  terminals  under  matched  conditions  when  internal  heat  losses  of  the  re- 
ceiving antenna  and  path  antenna  gain  loss  are  neglected.  Compensation  for  internal 
heat  loss  or  gain-loss  factors  needed  to  refer  the  available  power  to  some  point  in  the 
receiving  system  other  than  the  receiving  antenna  terminals  can  be  made  by  an  appropri- 
ate adjustment  to  the  radiated  power  or  antenna  gains  used  for  computer  program  input. 

Power  available  P^tq)  levels  exceeded  for  a fraction  of  time  q are  determined  using 

Pa(g)  = EIRPG  + Gnt  + Gnr  - Lbi0.5)  + Y^q)  dBW,  (1) 

EIRPG  = EIRP  + G„  dBW,  and  (2) 

K 


EIRP 


PTR  + Gt  dBW. 


(3) 


P__  in  decibels  greater  than 

1 w (dBW)  is  the  total  power  radiated  by  the  transmitting  antenna,  and  GT  R in  deci- 
bels greater  than  isotropic  t'dbi)  is  the  maximum  gain  of  the  transmitting 'antenna  Or 
receiving  antenr.a  respectively.  Losses  (e.g.,  lines)  associated  with  the  transmitting 
system  should  be  considered  in  calculating  radiated  power  from  transmitter  output  power. 
Normalized  antenna  gain  (0..T  or  G ) in  decibels  greater  than  maximum  gain  (G  or  G ) 
is  included  in  (i)  to  allot)  for  aHEenna  directivity  when  maximum  gain  is  not  appropri- 
ate (i.e.,  the  antennas  are  not  pointed  at.  each  other).  A tracking  option  is  available 
that  keeps  antenna  main  beams  pointed  at  each  other.  Methods  used  to  calculate  the 
median  basic,  transmission  loss,  L,  (0.5),  and  the  total  variability  with  time,  Y (q)  , 
are  discussed  in  section  2.2  and  2.3.  Note  that  Y (q)  is  the  only  term  on  the  right- 
hand  side  of  (1)  that  contains  variability  with  time  when  path  parameters  (e.g.,  dis- 
tance, heights,  etc.)  are  fixed,  and  EIRP  is  considered  to  be  constant  with  time. 

2.2.  Median  Basic  Transmission  Loss 

Median  basic  transmission  loss  L.  (0.5)  is  calculated  from 

c 


Lb(0.5>  - Lbf  + Aa  + Acr  - Ve(0.5)  dB, 


(4) 


where  L,  „ is  basic  transmission  loss  for  free  space,  A is  average  atmospheric  absorp- 
tion, A _ is  a reference  attenuation  calculated  for  thi  propagation  models)  applicable 
for  a pSfticuiar  path  (e.g.,  line-of-sight  variability,  line-of-sight  lobing,  diffrac- 
tion, scatter,  or  transition  regions),  and  V (0.5)  is  a median  adjustment  associated 
with  long-term  variability. 

With  the  variability  option,  J.oblng  associated  with  a specular  reflection  from  the 
earth's  surface  is  suppressed  inside  the  far  portion  of  the  horizon  lobe.  When  lobing 
is  suppressed  in  this  way,  an  appropriate  increase  in  the  variability  associated  with 
shert-term  variability  (sec.  2.3)  is  made.  A conditional  adjustment  factor,  A . that 
is  a function  of  the  long-term  variability  is  used  to  prevent  available  power  levels 
from  exceeding  levels  expected  for  free-space  propagation  by  an  unrealistic  amount  when 
tne  long-term  variability  about  L,  (0.5)  is  large;  i.e.,  A is  increased  so  that  the 
long-term  power  does  not  exceed  i^s  free— space  value  by  3 flB  for  more  than  10  percent 
of  the  time.  Lobing  associated  with  a counterpoise  reflection  is  included  in  Acr  even 
when  the  variability  option  is  used. 

With  the  lobing  option,  lobing  associated  with  interference  between  the  direct  ray 
and  specular  reflections  from  both  the  counterpoise  and  the  earth's  surface  are  allowed 
to  determine  A for  the  first  10  lobes  inside  the  smooth  earth  radio  horizon.  Contri- 
butions to  shoSt-term  variability  associated  with  the  specular  earth's  surface  reflec- 
tion are  neglected  when  A is  based  on  lobing.  The  program  calculates  several  points 
for  each  of  the  10  lobes  ffiside  the  horizon.  One  of  these  will  be  the  lobe  null  if  no 
counterpoise  reflected  ray  is  present  and  the  phase  change  antedated  with  reflection 
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is  180°.  Otherwise,  calculations  may  not  actually  be  made  for  the  null  case.  Condi- 
tions most  likely  to  result  in  missed  nulls  involve  the  propagation  of  vertical  polar- 
ization over  sea  water  or  transition  regions  where  both  the  earth  surface  and  counter- 
poise reflected  rays  are  significant. 

Calculation  of  A in  the  diffraction  region  involves  a weighted  aver?  ;e  of  rounded 
earth  and  knife-edge  a£f fraction  attenuations.  Transition  between  the  line-of-sight  and 
diffraction  regions  is  made  using  a straight  line  connecting  a diffraction  vali  s at  the 
radio  horizon  with  a point  in  the  line-of-sight  region  where  the  ray  optics  formulation 
is  valid. 

2.3.  Variability 

The  variability  term  of  (1)  is  calculated  from 


Y}.  (q)  = 1 y Y*  (q>  + Yj  (q)  * Y^fq)  + Y?  (q)  dB,  (5) 

-t  for  q < 0 . 5 
- otherwise 

where  Y_Jq)  is  long-term  (hourly-median)  variability,  Yf (q!  is  variability  associated 
with  surface  reflection  and  tropospheric  multipath,  Y.(q)  is  rain  attenuation  variabil- 
ity, and  Yt  (q)  is  variability  associated  with  ionospheric  scintillation.  The  short-term 
(within  the  hour)  variabilities  Y^ (q) , Y (q)  , and  Yj  are  neglected  if  the  option  for 
long-term  variability  only  is  selected;  l.e.,  Y (q ) « Y (q)  when  the  option  to  predict 
the  distribution  of  hourly  median  levels  is  selected.  The  median  level  of  P ( q > is  not 
dependent  on  Y (q)  since  Y (0.5)  = Y (0.8)  = Y ^ (0.5)  = Y (0.5)  = 0. 

The  IF-77  model  contains  long-tfrm  variability  options  which  allow  var iabi lit- ies  , 

for  different  climates  or  time  blocks  within  a continental  temperate  climate  to  be  selec-  1 

ted.  These  variabilities  are  similar  to,  but  not  identical  with,  those  provided  by  Tech- 
nical Note  101  (Rice  et  al.,  1967),  or  the  CCIR,  (1970).  Techniques  used  in  IF-73  to 
prevent  excessive  long-term  variability  are  still  used. 

Nakagami-Rice  distributions  are  used  for  Y (q)  (Rice  et  al.,  1967,  p.  V-8)  . These 
distributions  provide  statistics  for  the  case  where  a constant  vector  is  added  to  a Ray-  j 

leigh-distributed  vector.  The  particular  distribution  applicable  is  selected  by  a pa-  ' 

rameter  K where  K is  the  ratio  in  decibels  between  the  steady  component  of  received 
power  and  the  Rayleigh  fading  component.  If  K is  large  (>  40  dB) , Y (q)  = 0,  and  if  K 
is  small  (<  -20  dB) , Y (q)  is  a Rayleigh  distribution.  Power  for  the  Rayleigh  distri- 
buted vector  is  taken  As  the  sum  of  relative  powers  associated  with  surface  reflection  j 

multipath  and  tropospheric  multipath.  j 

Surface  reflection  multipath  is  calculated  from  effective  reflection  coefficients  i 

for  specular  and  diffuse  reflection  from  the  earth's  surface,  when  the  specular  compo-  . 

nent  is  used  to  produce  lobing  (i.u.,  lobing  option  selected),  it  is  neglected  in  the 
calculation  of  surface  reflection  multipath  power.  These  effective  reflection  coeffi- 
cients include  allowances  for  surface  constants,  frequency,  surface  roughness,  relative 
direct-reflected  ray  antenna  gain,  relative  direct-reflected  ray  lengths,  counterpoise 
shadowing,  and  divergence.  Counterpoise  reflection  is  always  allowed  to  cause  lobing 

and  is  never  allowed  to  contribute  to  Y^ (q) . For  beyond-the-horizon  paths,  surface  re-  , 

flection  multipath  contributions  are  neglected. 

The  tropospheric  multipath  power  formulation  for  the  line-of-sight  region  was  de-  r 

rived  from,  an  outage  time  formulation  developed  for  microwave  relay  links  (Lenkurt,  1970, 
pp.  60,  13-2,  119).  Just  beyond  the  hoiizon,  the  formulation  involves  a linear  inter- 
polation between  the  K parameter  value  applicable  at  the  radio  horizon  and  a K " -20  dB 
value  used  in  the  scatter  region.  Data  (Janes,  1951)  were  used  to  determine  the  dis- 
tance beyond  which  short-term  fading  for  beyond-the-horizon  paths  can  be  characterized 
as  Rayleigh  (K  <.  -20  dB)  . 

Rain  attenuation  variability  is  based  on  an  extension  of  work  done  by  Samson,  (1975, 
sec.  3) , The  formulation  involves 


\ 0 for  q ^ 0 . 98  j 

Y (q)  - > \ dB  (6) 

|)Arr(q)r0  otherwise  ^ 

where  A (q)  is  the  rain  attenuation  rate  determined  using  rain  rate  statistics,  and 
r is  ahrir.-storm  ray  length.  Note  that  Y (q)  » 0 for  time  availabilities  less  that  98%. 

3 Ionospheric  scintillation  variability1" is  described  with  the  distribution!  -iven  by 
Whitney  et  al.,  (1971).  The  model  does  not  predict  the  ionospheric  scintill*  n.lex; 

i.e.,  an  appropriate  value  is  selected  for  an  ionospheric  scintillation  grew-'  number 
which  iB  a model  input  parameter. 

3.  PROGRAMMED  CAPABILITIES 

The  IF-77  model  has  been  incorporated  into  ten  computer  programs  which  provide  28 
plotting  capabilities.  These  programs  cause  the  computer  to  produce  parameter  summary 
sheets  and  microfilm  plots.  A guide  to  the  plotting  capabilities  currently  available 
is  provided  in  figure  2,  and  a sample  parameter  sheet  is  shown  in  figure  3.  An  appli- 
cations guide  covering  these  programs  is  being  prepared  (Johnson  and  Gierhart,  1978). 


I 


4o-4 


Capabilities  1 through  10  are  outputs  from  a single  program  called  LOBING  (Hartman, 

1974,  sec.  CII ) . This  program  uses  an  abbreviated  version  of  IF-77  that:  is  applicable 
only  to  the  line-of-sight  region  for  a spherical  earth  in  which  variability  with  time 
and  horizon  effects  are  neglected.  Various  parameters  such  as  transmission  loss,  re- 
flection coefficient,  time  lag,  and  elevation  angle  are  plotted  against  path  distance. 

Figure  4 is  a transmission  loss  curve  in  which  the  lobing  caused  by  interference  between 
direct  and  reflected  ray  is  shown  along  with  limiting  and  free  space  values.  Flight 
through  such  a lobing  structure  will  cause  periodic  variation  in  received  level,  and  the 
lobe  ot  doppler-beat  modulation  frequency  (Reud  and  Russell,  1964,  sec.  10)  associated 
with  it  can  be  estimated  using  the  lobing  frequency  plots  of  capabilities  5 and  6. 

These  plots  arc  normalized  with  respect  to  carrier  frequency,  and  aircraft  velocity  such 
that  the  radial  component  of  velocity  is  used  with  capability  5 and  the  vertical  compo- 
nent is  used  with  capability  6 (Hartman,  1974,  secs.  CII-C.6,  C1.I-C.7). 

Capabilities  11  through  23  provide  information  relevant  to  received  signal  level  as 
power  available,  power  density,  transmission  loss,  or  the  equivalent  isotropically  radi- 
ated power  needed  to  obtain  a specified  power  density.  The  selected  quantity  may  be 
used  as  the  ordinate  for  capabilities  11  through  If,  or  shown  as  contours  for  specific 
levels  in  the  altitude  versus  distance  plane  for  capabilities  17  through  23. 

Figure  5 was  produced  by  using  capability  13  for  parameters:  of  figure  3 which  are 
identical  to  those  used  for  figure  4 except  that  the  option  to  include  lobing  as  part  of 
the  time  variability  was  used  along  with  the  nautical  mile  plotting  option.  Figure  5 
shows  the  transmission  loss  predicted  under  free  space  conditions  along  with  .'css  levels 

expected  to  be  unexceeded  during  5,  50,  and  95  percent  of  the  time.  In  addition,  the 

lobing  pattern  from  figure  4 has  been  supe’- imposed  to  illustrate  the  difference  between 
the  two  ways  of  treating  lobing.  Note  that  the  ‘.'5  percent  loss  is  not  as  great  as  the 
loss  encountered  in  a null,  but  that  it  is  usually  greater  than  the  loss  predicted  by 
the  lobing  model.  The  monotonic  nature  of  the  curves  developed  with  the  variability  op- 
tion make  them  more  convenient  to  use  in  so wire  range  predictions.  However,  if  the 

frequency  and  antenna  heights  are  such  that  only  a few  lobes  are  present.,  the  lobing  op- 

tion is  probably  preferable  since  it  provides  information  on  the  location  of  strong  and 
weak  signal  regions.  These  regions  arc  both  large  and  stable  in  that  changes  of  refrac- 
tive conditions  or  uncertainty  associated  with  the  precise  aircraft  location  would  not 
drastically  alter  the  received  signal  level. 

Capabilities  24  through  28  provide  information  on  the  desired  to  undesired  signal 
ratio,  D/U,  available  at  the  aircraft  when  transmissions  from  two  facilities  are  received 
simultaneously.  The  interference  configuration  is  illustrated  in  £igu-e  6.  Note  that 
station  separation,  S,  is  defined  as  the  sum  of  dp  and  dy  so  that  S is  equal  to  the 
great-circle  facility  separation,  Sg,  only  when  tne  facilities  and  tN  iiicraft  are  along 
the  same  qreat  circle. 

Capabilities  24  and  25  provide  curves  of  D/1’  versus  S or  d , respectively.  Figure- 
7 was  developed  using  capability  24.  It  can  be  used  to  estimate  the  station  separation 
needed  to  obtain  a required  L)/U  value  for  the  specified  aircraft  location  (altitude  and  dp. 

Figure  8 wa3  developed  using  capability  26.  Curves  shewing  the  relative  azimuthal 
orientation  of  the  undesired  facility,  4>a , witli  respect  to  the  great-circle  path  connec- 
ting the  desired  and  ur.desired  facility  are  plotted  versus  the  facility  separation  re- 
quired to  achieve  a required  D/U  ratio  or  better  at  each  of  six  specified  protection 
points.  Each  curve  represents  a different  relative  azimuthal  orientation  of  the  desired 
facility,  4D,  with  respect  to  the  path  connecting  facilities. 

Orientation  geometry  for  the  protection  points  is  illustrated  in  figure  9.  Protec- 
tion point  C is  used  to  illustrate  the  difference  between  facility  separation,  £ig,  used 
in  figure  8,  and  station  separation,  S,  used  elsewhere  (fig.  7).  In  particular,  < S 
since  S need  not  be  measured  along  the  great-circle  path  connecting  the  facilities. 

Note  that  (a)  the  d to  point  C changes  as  changes  ever,  if  S remains  fixed,  and  (b) 
the  angle  from  the  undesired  facility  to  point  C changes  with  both  4r  and  ♦ so  that 
the  applicable  gain  for  the  undesired  facility  varies  in  accordance  Pith  its  horizontal 
pattern  even  if  Sf  remains  fixed. 

The  geometrical  consequences  of  these  complications  are  handled  as  part  of  the  cal- 
culations performed  by  program  TWIRL.  These  calculations  would  be  very  tedious  to  per- 
form by  hand  eve  l if  appropriate  signal  ratio  graphs  (fig.  ?)  were  available.  A graph 
similar  to  figure  8 is  constructed  for  each  protection  point,  and  the  maximum  S_  for 
each  combination  of  and  4,  is  selected  for  the  final  graph  (fig.  8).  The  e Inter- 
mediate giap.io  have  arorma _u identical  to  figure  8 and  are  available  as  computer  output 
even  though  no  samples  are  provided  here. 

Capabilities  27  and  28  provide  -or.vours  ror  fixed  D/U  values  in  the  altitude  versus 
distance  plane  ror  a fixed  facility  .eparation.  With  capability  27 , a single  D/U  value 
is  used  with  3 different  time  avai lab Hitler,  whereas  capability  28  involves  a fixed 
time  availability  and  several  D/U  valuer . Figure  10  was  produced  using  capability  28, 

4 . MODEL  V^Lir-rtTION 

Model  validation  work  is  being  done  by  comparing  predictions  made  using  IF-77  with 
neasured  data  and  other  predictions . While  this  work  will  eventually  involve  comparisons 
wihu  data  from  many  sources,  the  remarks  made  here  involve  only  those  data  obtained  from  ] 

a single  data  source  (Longley  et  si.,  1971) . This  source  was  selected  for  our  initial  j 

effort  because  it  (n)  " . . .Bummar ■’ zea  measurements  of  tropospheric  transmission  loss  and 
its  long-tern  variability  for  nearly  8C0  paths  in  various  parts  of  the  world"?  (b!  con-  | 

tains  sufficient  information  cn  path  parameters,  including  path  profiles,  for  IF-77  in-  j 

put;  and  (c)  provides  vredictions  based  on  two  other  widely  used  models.  j 

Figure  11  j s a sample  of  the  comparison'1  being  made.  It  is  a copy  of  a figure  from  j 

che  dct.i  source  to  which  a prediction  made  with  IF-77  (labeled  FAA)  has  been  added.  The 
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other  predictions  were  made  with  the  Technical  Note  101  method  (Rice  et  al.,  1967),  and 
the  ESSA  70  Model  (Longley  and  Reaeoner,  1970)  . 

About  200  paths  in  the  data  source  can  be  predicted  using  IF-77,  and  figures  simi- 
lar to  figure  11  arc  being  developed  for  them.  Then  statistics  for  the  difference  be- 
tween predicted  and  measured  median  transmission  loss  values  will  be  determined  as  a 
function  of  path  type  for  each  of  the  three  models  mentioned  here. 
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parameter 


RANGE 


> Facility  horizon  height 

> 1.5  ft  (0.5  m)  abovo  faa 

0.1  to  20  GHz 

Jpocif icstton  of  the  following  parameters  is  rational 


Aircraft  (or  higher)  antenna  height  above  wean  aea 
level  (mbI),  HI 

Facility  lor  lower)  antenna  height  above  facility 
site  surface  (fas),  H2 

Frequency 


Aircraft,  antenna  type  options 
Polarisation  options 
Tracking  options 
Effective  reflection  surface  elevation  above  msl 
Equivalent  isotropically  radiated  i*ower 
FaciLity  antenna  type  options 
Counterpoise  diameter 
Sleight  abovo  fun 

Polarization  options 
Tracking 

Gain,  receiving  antenna  (main  beam) 

Transmitting  antenna  (main  beam) 

Transmitting  antenna  location 
Horizon  obstacle  distance  from  facility 

Elevation  angle  above  horizontal  at  facility 
Height  abovo  msl 

Ionospheric  scintillation  options 
Index  group 

Rain  attenuation  options 
Atf-ennxr  ion/km 
Storm  size 
Zone 

Refractivity 

Effective  earth's  radius 
or  minimum  monthly  mean,  N 

o 

Surface  reflection  lob lag  optionn 
Surface  type  options 

Sea  state 

or  r.ms  w£.ve  height, 

Temperature 

Terrain  elevation  aoovc  mai  at  facility 
Parameter,  Ah 
Tim'd  availability  options 

Cliirvata* 

or  time  block* 


Isotropic#*  c-x  a3  specified* 

N;*ne,  Identical  with  facility 

Direct,  -.r.al*  or  tracking 

At  £&•»*  or  upocifiad  value  above  nusl 

0.0  dBW*  or  oppoifiuu 

Isotropic*  or  as  specified 

0*  to  500  ft  (152  m> 

0*  to  500  ft  (152  m) 

Below  facility  antenna  by  at  iaast:  3 ft  (i  but  no 
more  than  200C  ft  (610  m) 

Horizontal,*  vertical,  or  circular 
Directional*  or  tricking 
0*  to  60  dpi 
0*  to  60  dBl 
Aircraft  or  facility* 

From  0.1  to  3 times  smooth  earth  horizon  distance 
(ealeu) a ted) * 

<12  dsg  (calculated)* 

o*  to  15,000  ft-mal  (4572  m-msl ) and  < aircraft  altitude 

No  ecintlllation*  or  specified 

0*  to  5,  G for  variable 

None*  or  computed  with  dB/'km  or  zone 

/-  4r  n J 

V <JU/  Ml'  <UIU  UJ- 

5,  lu,*  20  km 
1 to  G 

4(JlO  to  6070  n mi  (7427  to  11,242  km) 

200  to  400  N-unita  (301  F-unlts)* 

Contributes  to  variabi)  ity*  or  d*  to  minus  median,  level 

Poor,  average*  or  gooJ  ground,  fresh  or  sea  water, 
cone. utt,  metal 

0-glaeey ,*  1- rippled,  2-uuiooth,  3 -alight. , 4-Txndorate, 
5-rough,  G-very  rough,  7 -high,  0-very  high,  9' phenomenal 

0 to  50  p.  ( LG 4 ft) 

0,  10,*  cr  20*C 

0*  to  15,000  tl-uml  (4572  ir.  wsl) 

0^  or  greater 

For  ins  -antaAf oufl  levels  exceeded*  or  for  hourly  itadian 
levels  ^xcewdsd 

0*-Con*.ln«.'.Lei  all  year,  1 -Equatorial,  2-Cont inenta.l 
subtropical,  3-Maritbte  subtropical,  4-Dosert,  6-Con- 
tinentai  Temporato,  Va-Haritiaae  Tumpernto  Overland, 
7b-MaritiiAS  Temperate  Ovarnees 

1,  tl trough  g,  eufeiar,  winter 


'Values  or  options  that  will  be  aueuned  v/hen  specific  designations  are  net  mode  are  flagged  by  *»r#rl*fcs. 


Figure  1 


XniJUt  per»ic.s>cet » for  IF-77, 
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REMARKS* 


1. 

2. 

3 

4. 


fc. 


e. 


10. 

n. 

12. 


14. 


15. 


It. 


17. 


10. 


19. 


20. 


21, 


22. 


24. 


23. 


26. 


27. 

2B. 


LOBIMG** 

REFLECTION  COEFFICIENT** 

PATH  LFNOTN  DIFFERENCE"* 

TIME  LAG** 

LOBJNG  FREyUENCY-U** 

LOBJ>«G  rREQUENCY-H*" 
REFLECTION  POTUT** 

LEV A7IOi<  ANGLE** 

ELEVATION  ANGLE  DIFFERENCE** 
SPECTRAL  PLOT** 

POWER  AVAILABLE 

POWER  DENSITY 
TRANSMISSION  LOSS 
POWER  AVAILABLE  CURVES 

PUWER  DENSITY  CURVES 
TRANSMISSION  LOSS  CUKVSS 
POWER  AVAILABLE  VOLUME 

POWER  DENSITY  VOLUME 
THA EMISSION  LOSS  VOLUME 
KIRP  CONTOURS 

POWER  AVAILABLE  CONTOURS 
POWER  DENSITY  CONTOURS 
TRANSMISSION  LOSS  CGtiTOURS 
SIGNAL  RATIO-B 


Transmission  loss  versus  path  distance. 

Effective  specular  reflection  coefficient  versus  path  distance. 

Difference  in  direct  ar*d  reflected  ray  lengths  versus  path  distance. 

Same  as  above  but  with  path  length  dif  arence  expressed  ss  time  delay. 
Normalised  distance  lobing  frequency  versus  path  distance. 

Normal irod  he ight  lobing  frequency  varsus  path  distance. 

Distance  to  reflection  point  versus  path  distance. 

Direct  ray  elevation  angle  versus  path  distance. 

Angle  by  which  the  direct  ray  exceeds  the  reflected  ray  versus  path  distance. 

Amplitude  versus  frequency  response  curves  at  various  path  distances. 

Power  available  at  receiving  antenna  versus  path  distance  or  central  angle 
for  time  availabilities  of  5,  SO  «jid  95%,  and  fixed  antenna  heights. 

Similar  to  above,  but  with  powe*r  density  ordinate. 

Similar  to  above,  but  witn  transmission  loss  ordinate. 

Power  available  curvaa  versus  distance  are  provided  for  several  aircraft  al- 
titudoa  for  a selected  tio-e  availability,  and  a fixed  lower  antenna  neight. 

Similar  to  above,  but  with  power  density  as  ordinate. 

Similar  to  Above,  but  vi.h  transmission  loss  bo  ordinate. 

Fixed  power  available  contour*  in  the  altitude  versus  distai.es  plane  for  time 
availabilities  of  b,  50,  and  95%. 

Similar  to  above,  but  with  tired  power  density  contours. 

Similar  to  abovo,  but  with  fixed  transmission  loa»  contours. 

Contours  for  several  ElRP  levels  needed  to  meet  a particular  power  density 
requirement,  are  shown  in  the  altitude  voraua  distance  plane  for  a single 
time  availability. 

Similar  to  above,  but  with  power  available  contours  for  t single  EIRP. 

Similar  to  above,  but  with  jower  uonaity  contours, 

SiaJ Lar  to  above,  but  with  transmission  loss  contours. 

P*u? red- to- ui.dee irod , b/U,  signal  ratio  versus  station  separation  for  a fixed 
desired  tacility-tc-alrcraf t dirtancs,  an?  time  availabilities  of  5,  50,  and 
93%. 


BZCNAL  RATIO-DD 


Similar  to  ebov«,  but  the  abscissa  iu  decired  f&ci.\ity-to-eJ rcroft  distance 
and  the  station  ueparat lun  iu  fixed. 


ORIEJ’TAi  1 ON  Undeuiieu  facility  antenna  orientation  with  roapact  to  tlu*  desired-to- 

undesired  station  lire  versus  required  facility  separation  culvis  are  plotted 
for  ficual  deBired  facility  outonn*  ct  ten  tat  ion  n. 

SERVICE  VOLUME  Fixed  D/M  contours  are  shown  in  the  altitudo  versus  distunes  plane  for  a fixed 

station  reparation  tic.*  availabilities  of  5,  50,  and  95%. 


SIGNAL  IATI0  CDNTOUKfi  Contours  tor  sevoral  D/U  values  are  sh-wn  in  the  altitude  voreun  •’’l.'i.c.ncs 

piano  for  a fixed  station  separation,  and  tin*  availability. 

‘'Additional  discussion,  by  capability,  will  be  pxovidud  in  ap  "Application*  Guids",  which  should  be  published 
m 1978  (Johnson  and  u.’euhart,  1978), 


h*Appil':soIc  only  to  ths  line -of -sight  region  for  spl-vioal  earth  gaonetry.  Variability  with  time  and  horiaon 
effects  are  nag) acted. 


Flyura  2 


F lotting  capability  £u.Uto  for  IP-77  programs. 
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Notes 


PARAMETERS  FOR  ITS  PROPAGATION  MODEL  IF-77 
77/07/13.  22.15.49  RUN 

TRANSMISSION  LOSS 
SPECIFICATION  REQUIRED 


AIRCRAFT  (OR  HIGHER)  ANTENNA  ALTITUDE:  45000.  FT  (13716. M)  ABOVE  MSI, 

FACILITY  (OR  LOWER)  ANTENNA  HEIGHT:  50. C FT  (15.2M!  ABOVE  FSS 

FREQUENCY:  125.  MHZ 

SPECIFICATION  OPTIONAL 

AIRCRAFT  ANTENNA  TYPE:  ISOTROPIC 
POLARIZATION:  HORIZONTAL 

El- FECTIVE  REFLECTION  SURFACE  ELEVATION  ABOVE  MSL:  0.  FT  (O.M) 

EQUIVALENT  ISOTROPICALLY  RADIATED  POWER:  14.0  DEW 

FACILITY  ANTENNA  TYPE:  ISOTROPIC 
POLARIZATION:  HORIZONTAL 

HORIZON  OBSTACLE  DISTANCE:  8.69  N MI  (16.09KM)  FROM  FACILITY* 

ELEVATION  ANGLE:  -0/  6/30  DEG/MIN/SEC  ABOVE  HORIZONTAL* 

HEIGHT:  0.  FT  (O.M)  ABOVE  MSL 

REFRACTIVITY : 

EFFECTIVE  EARTH  RADIUS:  4586.  N MI  (8493. KM)* 

MINIMUM  MONTHLY  MEAN:  301.  N-UN1TS  AT  SEA  LEVEL 
SURFACE  REFLECTION  LOB IMG : CONTRIBUTES  TO  VARIABILITY 
SURFACE  TYPE:  AVERAGE  GROUND 

TERRAIN  ELEVATION  AT  SITE:  0.  FT  (O.M)  .ABOVE  MSL 

TERRAIN  PARAMETER:  0.  FT  (O.M) 

TIME  AVAILABILITY:  FOR  INSTANTANEOUS  LEVELS  EXCEEDED 
* COMPUTED  VALUE 


1)  Parameter  values  (or  options)  not  indicated  are  taken  as  the  as- 
sumed values  (or  options)  provided  on  the  general  parameter  speci- 
fication sheet  (fig.  1). 

2)  To  simulate  computer  output,  only  upper  case  letters  are  used. 

Dual  units  are  not  provided  on  actual  computer  output. 

Figure  3.  Parameter  sheet  for  capability  13. 


TRANSMISSION  LOSS 

HI  15.  ■ (SO.Oft)raBl 

Smooth  earth 

H2  1 5716.  » {45000. ft)mBl 

Polarisation  Horizontal 

I'Mami  125. 

Distance 

in  n mi 

30  40  6.0  80  lpo  1?0 

14C  160  1§0  2p0  220  240 

C 25  50  75  100  125  150  ITS  200  225  250  275  500  325  JSO  jTS  400  425  450  4 

Dlatanca  lit  k* 

Figure  4.  Plot  for  capability  l,  LOBING. 


TftAMSHISSION  LOSS 

Friimii)  125.  IW|  6*1*  0.0  4BI 

Ml  SI.  1 1 <15 . 2a)  fas  $a*fl*i  tank 

M2  45110.  II  (13716. mJmBl  P*1*rl|*tl*a  M«pl;tst«l 

Distance  in  km 

100  200  300  400  500 


I'M  •»•«* 

Imm>)  Si 
1*1441*1  SIT 
M**«»l  SST 


ii&gifiBfiilaniaaufl 


Distance  la  a *1 


Figure  5.  Plot  for  capability  13,  TRANSMISSION  LOSS 


top  view 


s“Vdu 


Figure  6.  Sketch  illustrating  interference  configuration 


D*»lrad  4!|taac«  100.  n mi(185.km) 


D«jlt«a  facility  'J»4a»lrt4  facility 

VO*  SifiNK.  RATIO'S 

HI  1C.C  ft  (4.9m)  fss  Scat  •>  4«tir«<  facility' 

HZ  300(0.  ft  <9144  .mjtnsl 
Fraauaacy  113.  ftfl 

Station  separation  in  km 
5 


Fra«  >y«ca 
iuyytr)  5" 

IniUlt)  507. 
Ileaarl  357 


■■■■■■■■■■  iSiiH 
«■■■■■■■■  lamBml 

■■■■■  ivhIIU 

mmamm  : 


H 


wjwmikmmb; 


Station  94?ar«t)on  In  n & i 


Figure  7.  Plot  for  capability  24,  SIGNAL  RATIO-S 


D/U  23  dB  for  95% 


Oatlrad  facility 

HI  5.  S f t (1.68m)  fas 
H2  4500.  ft <1372.m)msl 

F 

20  40  60  80 


U*4«.lr,i  fad  t i 1y  C.‘'JtTf20 

fas  Seat  at  datlrtd  facility  ——  — — — — JC.  atd  I5C. 

i)msl  60.  «>4  IOC. 

• * SC. 

Facility  aeiaration  in  km 
80  100  120  140  160  180  200  220  240 


- too  no  120  no  too 

Facility  icporol  I on  In  n ml 

Figure  8.  Plot  for  capability  26,  ORIENTATION. 


Detlred 

fcclllty 


Facility  connecting  line 


Undatlrad  facility 


Undatlrad  facl I Ity 
ccurto  line — " 


For  aircraft  at  point  c 


Retired  facility  court*  line 


-A 


All  angle*  arn  p^tltlv*  clockwlte. 

Angle*  to  court*  line*.  *B  , are  matured  froa  fecillty  connecting  line. 

Angle*  to  protection  point*,  “a  B C D E ’ *re  "•*6ur*^  fr®11  th*  datlrad  nation  court*  line. 
Point  t I*  along  th*  court*  lino  to  thet  »c"0,  but  thi*  It  not  a required  condition. 
Facility  taperat Ion,  Sf.  '*  In  general  let*  than  ttetlon  taparatlon,  S,  when  S It  calculated 
from  S » d0  + dy  where  de  y ere  facility  to  aircraft  dltte.ncat.  Thlt  It  liluitratad 
for  protact  Ion  point  C. 


Figure  9.  Sketch  illuatrating  protection  point  geometry. 


BASIC  TRANSMISSION  LOSS  ELEVATION  IN  «T£RS 


4814 


DISCUSSION 


H. Visaing?,  Netherlands 

Is  distortion  by  multipath  propagation  included  in  the  1F-77  model,  and  if  not,  arc  there  plans  to  include  it? 

Author’s  Reply 

Distortion,  as  such,  is  not  predicted,  and  such  model  extensions  ate  not  currently  planned.  However,  the  time  lag 
(figure  2,  #4)  and  spectral  plot  (Figure  2,  # 10)  capabilities  may  be  useful  in  distortion  estimation  for  multipath 
due  to  a specular  reflection  from  the  earth. 


J.Rottger,  FRO 

What  is  the  reason  why  you  have  not  included  specifically  the  role  of  quasi-spccular  reflection  at  tlnn  stratified 
layers  in  your  model? 

Author's  Reply 

While  the  mode!  does  not  (teat  these  refections  in  a deterministic  manner,  their  effects  are  accounted  for  in  the 
long-term  variability  portion  of  our  model  (Sec.  .7.3). 
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THE  CRC  VHF/UHF  PROPAGATION  PREDICTION  PROGRAM; 
DESCRIPTION  AM)  COMPARISON  WITH  FIELD-MEASUREMENTS 


F.H.  Palmer 

Communications  R<e search  Centre 
Department  of  Commun icat ions 
Ottawa,  Canada 


SUMMARY 


A computer-based  propagation  prediction  program  has  been  developed  which  provides  an  accurate, 
easy-to-use  means  of  predicting  coverage  ereas  for  VHF  and  UHF  systems,  for  the  planning  of  radio  links, 
both  terrestrial  and  air/ground,  and  for  use  in  elec tromagn e tic  compatibility  analysis  problems.  A 
topographic  data-baae  enables  detailed  path-loss  or  field-strength  calculations  to  be  carried  out  in  the 
Cttawa  area  by  users  who  need  only  specify  the  transmitter  and  receiver  paran^ters  and  define  the  area  In 
which  results  are  required.  ThiB  data-base  can  be  extended  to  other  areas  of  Canada. 

Comparisons  of  predictions  with  measured  values  of  path-loss  show  that  the  detailed  method  of 
prediction  is  significantly  better  than  statistical  techniques  and  is  the  only  method  capable  of  identifying 
low  signal  areas  In  the  shadows  of  terrain  obstructions, 

1,  INTRODUCTION 

While  the  Coosatin  icat  ions  Research  Centre  (CRC)  has  had  extensive  experience  in  the  behaviour  of 
radio  waves  throughout  most  of  the  radio  spectrum,  very  few  propagation  studies  have  been  carried  out  at 
VHF  and  UHF  in  recent  years.  In  view  of  this,  a VHF/UHF  Propagation  Group  was  established  in  1974,  The 
purpose  of  this  group  was  to  study  the  following  area^  of  interest,  to  Identify  the  outstanding  problems, 
and  to  provide  solutions  whore  possible. 

1.1  Computer  Techniques 

lr*  areas  for  which  VHF/UHF  propagation  prediction  techniques  arr  relatively  voll  de/oloped,  th.^ 
efficient  use  of  the  techniques  <s  often  compromised  by  the  than  required  to  perform  adequate  calrnlat ions. 
TV«e  Implementation  of  complex  and  numerous  path-loss  or  field  strength  calculations  by  means  of  computer- 
based  technique**  diet 6 the  possibility  of  significantly  Improving  prediction  accuracies  over  those 
currently  available  for  routine  operations. 

1.2  Urban  Environments 

The  planning  ana  management  of  the  VKF/UH*  parts  of  the  radio  spectrum  require  the  abillf)  to 
accurately  predict  the  field  strength  expected  at  my  location  due  to  both  exlec^ng  and  proposed  trans- 
mitters. The  increasing  demand  for  frequency  assignment  in  tb«3o  cands  if  erecting  acute  problems  in  urban 
and  near-urban  areas  wnerc  current  prediction  techniques  are  least  reliable, 

1.3  'Remote'  Environments 

It  Is  anticipated  that  ch^rc  will  be  nn  increasing  utilization  of  V’HF/UUF  coiamun  icat  ion  systems  ir 
remote  areas  of  Canada,  Such  systems  will  operate  in  cliaates  and  terrains  the  *ff*cts  of  which  have  been 
relatively  1 lev  It*,  studied  to  date.  Although  propagation  biudies  have  been  performed  by  other  countries 
for  their  own  us?f  the  environments  1 conditions  in  Canada  are  unique  and  it  is  not  clear  whether  existing 
techniques  can  be  applitJ  without  modification. 


Field  trials  hive  been  used  by  CRC  to  determine  the.  accuiscles  with  which  currently  Available  i 

techniques  i^oiel  the  propag.it  lc  characteristics  of  typical  Canadian  environments.  Paths  up  tc  100  Vu  in 
length  have  bean  studied  and  improvements  carried  out  where  posBible.  The  results  of  these  JtuJies  uft/e 
been  incorporated  into  n Lomputer^baKid  ropagatfcni  piodlction  program  vMch  includes  a topographic  data 
fce^e  relevant  to  the  Ottawa  area. 

Th'e  paper  is  in  three  main  parte.  The  first  presents  a brief  summary  of  th*.  organization  of  the 
propagation  prediction  program.  The  tucond  diAcvj'itwo  the  conversational  subroutine  ciul  the  propagation 
arti  topographic  models  that  ara  included  in  the  prediction  progtan  and  the  third  pai  l presents  cc^pBriaor.i* 
between  pr evicted  i.nd  measured  path-losses r 

2 . A SDHKARV  OF  THE  FRr.PICTlQN  PROGRAM 

Eased  on  an  expensive  review  of  e7**tiiig  propagation  mrdelling  techniques , a computer  prod  Jet  ton 
prefers?  was  construe  tea  v’ilch  incorporates  a number  of  existing  technique®.  It*  r edition,  a uusUir  of  naw  ^ 

f estate*  ware  introduced  which  loclric  the  foll^lng:  j 

(a)  A •conversational*  subroutine  ’ WED ICT : \*.ich  acts  «s  an  j 

intPift-c  between  the  a.,d  the  main  cenapu  tat  tonal  e»v  routines.  j 

This  routine  ia  i.i»*.«ndcd  to  make  the  prediction  prcfc*s»  j 

r actively  *;*,*}'  to  use  by  psrsons  lacking  a wid*  knowledge  of  f 

compute!  ard  prediction  techniques.  j 
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(b)  A topographic  data-base  encorapasing  13,440  square  cilometers 
of  Eastern  Ontario,  centred  on  Ottawa. 

(c)  a fully  automatic  'detailed*  uode  of  calculating  path-loss 
or  signal-strength  which  uses  path-protiles  provided  either 
by  the  user  or  extracted  automat ically  for  paths  in  the 
Ottawa  area  from  the  topographic  data-base  stored  in  the 
computer . 

(d)  An  environmental  'clutter'  correct  ion  factor  that  may  be 
calculated,  if  the  user  wishes,  to  account  for  the  effects 
of  the  local  antenna  environments. 

The  program  itself  breaks  naturally  into  three  main  segments  (Bee  Figure  1) 

- The  conversational  routine  'PREDICT* 

- The  main  computational  routine  'RUN' 

- The  topographic  data-base  'T0P0* 

3 . THE  PREDICTION  PROGRAM 

3.1  The  'Conversational*  Routine  ’PREDICT* 

The  purpose  of  'PREDICT*  is  to  construct  a data  file  ’INPUT'  based  or  user  responses  to  questions 
provided  by  the  computer,  and  to  set  a series  of  flags  that  identify  the  specific  types  of  calculation  to 
be  carried  out,  'RUN'  then  uses  this  input  file  to  perform  the  appropriate  calculations. 

The  type  of  calculation  desired  by  the  user  is  determined  by  his  responses  to  questions  such  as 

(a)  Are  path-loss  or  signal-strength  calculations  required? 

(b)  Do  you  require 

i;  r’oint-to-p.\)lnt 
ii)  Radial  coverage,  or 
ill)  Complete  area  coverage  calc  tils  C Jons? 

The  user  i«  subsequently  neKid  only  those  ques'  ions  concerning  equipment  and  terrain  parameters 
that  are  relevant  to  the  particular  type  of  calculation  required.  Por  example,  if  the  user  elects  to 
conpute  path* loss  rathti  than  uignal-Btrersch , questions  craceruir.g  transmitter  output  power,  line-losses, 
etc.,  do  net  appear.  In  tots  way,  the  u«r.r  is  noi  laced  with  the  complete  eet  cl  hU  possible  questions 
that  might  be  aakfl,  legardlesB  of  their  relevance. 

If  the  propagation  pstn  defined  by  the  us:r  lb  contained  within  the  topographic  data-base  'T0P0* 
all  terrain  parameters  will  be  deduced  autoua ticslly  by  *RUW'  an  required.  It  the  , onputer  determines 
that  the  path  is  not  contained  within  the  data-base,  the  user  may  then  be  asked: 

(a)  Can  yot  supply  your  ova  terrain  profile?,  ot 

(bl  Is  the  propagation  path  entirely  contained  in  on  urban 
core  area?,  or 

(c)  Choocu  * terrain  type  from  the  follow  Jug  list: 

1}  Don't  know 
ii)  Suuvoth  piiv'pa 
ill)  Rolling  plain* 


viil)  Extremely  fu&ged  mountains 

The  responses  to  the*a  questions  determine  the  flnecflic  subroutine  it*  'jibin'  that  will  be  used  to 
calculate  path -lose  or  field -strength.  I»  the  propagation  path  is  cents  'u  fid  vjehin  tin?  data-base,  or  i ? 
a terrain  profile  can  he  lu rented  by  the  user,  calculations  will  ts  don*,  using  a 'detwilcl1  path  doss  rrodol. 
If  tin  path  lisa  entirely  within  an  urbet  cate  area,  calculation*  will  be  carried  out  using  o statistical 
model  relevant  to  tiros*  ar tar  If  the  user  chooses  a terxstn  typr:  from  the  li«-  ^Lven  «howv  a uiatisticol 
1 ix regular  terra.’n*  u>del  will  bs  used  for  calculation*  except  for  the  case  of  cht  'don't  know*  response. 

In  tbit  case,  calculations  ire  caiLird  out  using  a smooth-earth  propagation  vodsl. 

At  this  point,  the  usar  ?nay  b«  requei<fc ed  co  provide  ed*i '.Jonal  parameters  such  ac  fciitxuui  heights, 
transmitter  power,  antenna  li:us '-losses,  and  antenna  pci arJ cations  arid  radiation  pattern-? . 

The  user  muy  also  supply  hie  own  /slues  of  avcisgc*  ground  conductivity  and  permittivity  s:';\ 
lu/fac*  valu^  of  atmospheric  refract ivit/  if  he  so  fishes.  Finally.,  ho  Ifi  naked  If  he  knows  anything  of 
th»  tianemitiiwr  and  revolver  antzoaa  environment*.  If  he  do«*r-  hf  ia  Jskai  to  specify  Uip.  tyyc,  beignt. 
dirtance,  and  other  pa:  treaters  relating  to  local  obstacle;:  tlon%  the  transmitter -receiver  lina~of  -sight. 
rR'jN’  lit'sr  use*  these  patatae  :era  tu  calculate,  value#  of  tcAnaicla.cion  Ions  through  tint  obstacle?  of  or 
diffravticn  lose  ov tr  or  erv.'nd  the  ?b4£v.l«*t 

At  thir-  point  the  user  n»>  review  and  edit  the  input  veto  file  if  he  ro  wish©*,  and  then  submit  the 
input,  file  ISPI'  l*  to  VUN'  either  In  rea>.-ci#ae  or  a#  a br^.ch  job. 
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3.2  Tnc  Topographic  Data-Base  'TOPO' 

The  topographic  data-base  comprises  the  city  of  Ottawa  and  surrounding  suburban  and  rural  areas. 

A rectangular  area  112  by  120  kilometres  (13.440  sq . km.)  has  been  sealed  with  a resolution  of  1.0  km. 

Each  of  the  13,440  grid  points  in  'TOPO'  consists  of  the  coordinates  of  the  grid  point,  the  maximum, 
minimum,  and  average  elevations  occurring  in  a 1 km  square  cell  centred  on  the  grid  point,  and  a code 
representing  the  average  type  of  terrain  cover  in  the  1 km  square  cell. 

It  Is  anticipated  that  knowledge  of  the  maximum  and  minimum  terrain  heights  will  later  enable  more 
refined  computer  estimates  of  path-loss  location  variability  to  be  made.  The  terrain  cover  codes  are  used 
to  provLde  estimates  of  ground  conductivity  and  permittivity  and  of  average  terrain  cover  heights.  These 
heights  are  added  to  the  topographic  elevations  to  define  the  'effective'  heights  along  the  profile. 

An  example  of  a computer-derived  path-profile,  together  with  the  actual  profile  as  measured 
directly  from  topographic  majs,  is  shown  in  Figure  2. 

3.3  The  Computational  Routine  'RUN4 

Based  on  a review  of  existing  propagation  prediction  techniques,  a number  of  models  were  selected 
for  inclusion  In  'RUN' . It  was  anticipated  that  these  techniques  would  be  modified  and  extended  after 
comparisons  of  the  initial  prediction!  of  the  program  with  observed  values  of  path-loss  over  known  paths. 

To  this  end , measurement  programs  have  been  carried  out  in  the  Ottawa  area  and  at  Inuvlk  and  R ’solute  Bay, 
N.W.T. 


It  is  evident  that  the  particular  type  of  path-loss  calculation  used  in  any  given  situation  depends 
upon  a number  of  factors  which  Include  the  location  of  the  propagation  path  (urban  core  area  or  open 
terrain)  and  the  amount  of  information  available  to  the  uaer  concerning  the  nature  of  the  terrain. 

(terrain  profile  or  a statistical  description  of  path  parameters). 

To  make  the  computer  program  relevant  to  all  types  of  propagation  paths,  and  levels  of  user 
knovlec  ie  concerning  these  paths,  it  was  decided  to  incorporate  into  it  a number  of  different  propagation 
models.  The  choice  of  the  model  or  models  to  be  used  In  any  given  situation  is  made  automatically  by  the 
computer,  depending  upon  user  responses  to  questions  set  by  ’PREDICT’, 

The  propagation  models  included  in  the  prediction  program  are: 

(a)  Smooth-earth  model 

(b)  Urban-area  model 

(c)  Irregular-terrain  model 

(d)  A detailed  model  which  uses  path- prof lies  either 
supplied  by  the  user  or  generated  automatically  from  TOPO' 

(e)  Antenna  environment  'clutter'  model. 

3.3.1  The  Smooth-Earth  Model 

This  model  iu  used  in  cases  where  smooth-earth  path-losses  are  desired  bb  references  ov  where  user 
knowledge  of  the  propagation  path  characteristics  is  minimal.  The  model  used  in  the  present  program  is  a 
modified  version  of  tnat  described  by  Saihs/Frceman  Associates,  Inc.  (1970).  It  Is  a simplified  version  of 
the  van  der  Fcl  ano  Bremmer  (1937)  and  Norton  (1941)  smooth-earth  techniques  which  vere  used  for  the 
calculation  of  the  CCIR  (1955)  Atlas  curves.  In  addition,  a tropo -scatter  term  is  added  for  beyond-the-- 
horlzon  calculations , following  Frazier  and  Anderson  (1963). 

3.3.2  The  Urban-Area  Model 

Two  slightly  different  urban  area  models  are  Incorporated  into  'RUN'.  The  first  is  used  when  a 
propagation  path  lies  wholly  within  an  urban  are*  . The  second  is  used  in  conjunction  with  the  'detuiled' 
model  when  either  the  transmitter  or  receiver  end  Oi  the  path  Is  located  in  an  urbnn  area.  This  second 
version  will  be  discussed  later  as  part  of  the  'detaileu'  model. 

The  topography  cf  urbau  areas  has  a profound  effect  or.  observed  path-losses,  but  is  too  complex  to 
model  in  any  detailed  way.  Only  statistical  techniques  are  currently  available.  The  most  coononly  used 
model  is  due  to  Egli  (1957),  although  a number  of  other  models  exist  (Murphy,  1971;  McMahon,  1974).  These 
models  are  usually  of  the  form 

L » + a2log  f + B3log  d + a^log  + Bjlog  hf  dB 

where  f is  frequency  in  kHz,  d la  distance  in  km,  and  ht  and  hr  are  transmitting  and  receiving  antenna 
heights  in  metres,  The  a are  chosen  to  minimize  the  rma  error  between  predicted  values  of  path-loss  and 
those  measured  over  actual  propagation  paths.  Different  investigators  use  different  rets  of  data,  collected 
in  different  areas,  with  the  result  that  a variety  of  different  values  are  found  for  the  aj.  The 
coefficients  currently  used  are  those  due  to  Egll  (1957): 

Sj  * 85.9;  *2  = 20.0;  a3  * 40.0;  a4  = -20.0;  as  = -20.0  for  h > 10  m 

Sj  » 76.3;  a?  ■ 20.0;  a3  = 40.0;  a4  = -20.0;  a5  “ -10.0  for  h <_  10  b 

It  is  anticipated  that  these  coefficients  will  be  modified  as  experimental  data  bacomes  available 
for  Canadian  urban  areas. 
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3,3,3  The  Irregular -Terrain  Model 

Thla  model  was  developed  by  A.G.  tor.gley  and  P.L.  Rice  apd  is  described  In  detail  in  KSSA 
Technical  Report  ERl  79-ITC  6"1  (1968).  It  ia  applicable  to  propagation  over  Irregular  terrain  It*  suburban 
and  rural  mere.  Calculations  of  path  loss  arc  based  on  analytic  techniques.  However , the  values  of 
parameters  such  as  horizon  distance,  obstacle  height,  etc.,  that  arc  urea  it.  t base  calculations  are 
statistical  medians  based  on  a terrain  irregularity  height.  Ah,  which  ia  chosen  to  be  typical  of  the  propa- 
gation path.  Thus,  "slightly  rolling  plains"  co^r^spond  to  Ah  = 30  m and  "hillc"  correspond  to  Ah  = 115  m, 
etc. 


It.  is  clear  that  a fltodel  such  as  this  in  suited  to  propagation  loss  calculations  for  pathr  ever 
’statistically  uniform*  types  of  terrain  where  there  are  no  isolated  large  obstacles.  If  such  isolated 
obstacles  exist  along  the  propagation  path,  this  model  may  seriously  underestimate  the  path  loss  in  the 
'shadows*  of  such  obstacles. 

It  should  also  be  noted  that  (he  predicted  values  of  path-loss  are  medians  and  are  intended  to 
represent  the  average  path-losc  that  would  be  measured  over  some  area  m the  vicinity  of  the  receiver. 

If  the  terrain  is  hiljy  or  mountainous,  large  variations  j ay  be  measured  about  the  predict* d medians  as 
the  receiving  antenna  is  .noved  up  or  down  the  slopes  of  the  hills  or  mountains. 

This  model  is  not  restricted  to  relatively  short  paths,  aa  vis  the  urban  model,  because  of  the 
inclusion  cf  a tropo-scatter  term. 

3. 3.4  The  'Detailed1  Model 

When  sufficient  knowledge  of  path  characteristics  exists,  the  'detailed'  model,  which  takes  into 
account  the  detailed  nature  cf  the  path  topography,  is  used  to  calculate  path-loss.  Basically,  this 
involves  computing  diffraction  louses  due  to  obstacles  which  may  exi3\  along  the  path,  reflection  lessee 
from  flac  surfaces,  and  tropo-acat Irr  losses.  The  model  thus  accounts  for  shadow  losses  behind  terrain 
irregularities  of  essentially  any  typr.  For  over-the-horizon  paths,  tropo-scatter  levels  art  calculated 
and  the  appropriate  values  of  either  di lir&ct. ion  or  scatter  loss  are  used  to  define  the  total  path-loss, 
ibis  model  can  also  account  for  the  effects  of  llmiced  types  of  environmental  'clutter'  in  the  vicinity  of 
rhe  transmitting  or  receiving  antennas.  At  present,  local  effects  due  to  trees  and  buildings  may  be 
include*.  This  clutter  routine  is  also  used  in  the  smooth-earth  and  irregular  terrain  mouels. 

i)  Derivation  of  Path-Profiles 

The  rnairer  in  vh'ch  path-profiles  aie  deduced  from  a topographic  data-base  depends  upon  the  size  of 
the  data-base  as  well  a:,  its  organization.  In  the  present  case,  profiles  are  interpolated  from  the  dat.t-ba.se 
grid  with  the  use  of  plane  rather  than  spheres!  geometry.  This  results  ir  a saving  in  time  aid 
complexity  and,  for  profiles  derived  from  a dsta-base  of  the  present  size,  ooes  not  result  in  significant 
errors  in  path  position  with  respect  to  the  data-base  resolution,  "or  longer  paths,  the  projection  cf  the 
propagation  path  and  data-base  grid  unto  the  earth's  eurface  must  be  done  using  the  appropriate  geometry. 

To  the  average  terrain  height  hj  ac  each  distance  dj  along  a profile  is  added  a 'ground-cover 
correction  height'  derived  from  the  terrain  cover  code  at  that  point.  This  correction  is  designed  to  take 
into  account  the  height  of  buildings  and  trees  under  the  propagation  path.  In  the  present  model  these 
height  cc erections  are: 


Wooda/Foreat  10  litres 

Suburban  buildings  10  metres 

Urban  core  30  metres 

Other  0 

Finally,  the  corrected  terrain  elevations  (above  sea-level)  are  modified  to  take  Into  account,  the 
effective  radius  if  the  earth's  surface.  This  effective  radius  Is  computed  using  the  value  given  by  the 
u*-er  for  the  surface  Atmospheric  refract! vity  N , u r by  u3ing  a default  value  of  300  N-units.  With  the  use 
of  this  effective  radius,  radio  .avea  may  be  considered  to  travel  in  straight  lines  ard  simple  plane 
trigonometry  can  bt  used  no  determine  the  actual  path  cf  a radio  wave  with  respect  to  the  earth's  surface. 

ii)  Propagation  Paths  Completely  Outside  Urban  Areas 

If  the  propagation  path  ia  Interpolated  from  the  topographic  data-base,  each  of  the  terrain  cover 
codec  is  checked  to  see  if  either  end  of  the  propagation  path  lies  in  an  urban  area.  Cedes  in  which  these 
codes  are  found  involve  certain  additional  calculations.  These  will  be  discuss'.!  in  'Miction  (lit). 

In  all  cases,  a subroutine  is  called  to  determine  the  location  and  other  parameters  of  whatever 
obstacles  exist  along  the  given  profile.  Obstacles  are  determined  by  the  "stretched  string"  technique  in 
which  a string  may  be  imagined  to  be  tightly  stretched  over  the  terrain  between  transmitter  and  receiver. 

Then  a subroutine  determines  if  large  obstacles  are  to  be  considc  id  aj  single  or  multiple,  e.g,  is  a laige 
hill  cut  by  ravines  e.  single  or  multiple  obstacle?  Finally,  individual  path-lots  calculations  are  carried 
out  once  the  appropriate  obstacles  and  their  parameters  have  been  determined. 

The  first  subroutine  usee  simple  geometrical  techniques  to  determine  whether  the  propagation  path 
ir;  llne-of -sight  with  adequate  Fresnel-rone  clearance  (N^.  > 0 6),  line-of -sight  with  restricted  Fresnel -zone 
clearance,  cr  obstructed.  In  the  first  case,  diffraction  losses  are  assianed  to  be  zero.  If  the  propagation 
path  is  obstructed,  of  has  a restricten  Freanel-zone  clearance,  the  parameters  dx,  d.,,  H,  and  c arc 
determined  foi  each  obstacle.  The  radius  ~f  the  obstacle  creat  Is  determined  by  a three  point  par«bclic 
fit.  Tha  definition!:  of  each  of  these  parameters,  for  a path  containing  tro  obstacles,  ar«  given  on 
Figure  3,  These  parameters  are  then  used  tc  define  the  first  Fresnel -zone  radius, 

R - dy  / (dx  + dr))^2  and  the  curvature  factors  of  the  obstacle,  a * r^/R  where  X ia  the  wavelength. 
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The  main  obstacle,  at  location  1 in  the  example,  ia  defined  to  be  the  obstacle  having  the  largest  vslue 
jf  H/R.  The  effective  height  of  the  secondary  obstacle  is  its  height  above  the  line -of -sight  between  the 
crest  of  the  main  obstacle  and  the  transmitting  or  receiving  antennas  (receiving  antenna  in  the  example). 

H is  defined  to  be  negative  for  obstacles  below  the  line-of— eight  and  positive  otherwise  The  method  of 
obstacle  parameter  determination  can  be  extended  to  paths  containing  any  number  of  obstacles,  and  is  due 
to  Iicygout  (1966). 

The  diffraction  lo°s  over  each  obstacle  is  computed  as  a function  of  the  parameters  H/R  and  a. 
Nomograms  giving  diffraction  loss  as  a function  of  these  parameters  have  been  presented  by  Dougherty  and 
daloney  (1964)  and  by  drAssis  (1971).  These  nomograms  have  been  extended  and  approximated  by  polynomial 
expressions  suitable  for  machine  calculation.  The  total  diffraction  loss  is  the  sum  of  Lhe  diffraction 
losses  due  to  each  obstacle. 

Reflection  'losses*  between  obstacles  or  between  transmitter  and  receiver  over  unobstructed  paths 
art  determined  next.  The  magnitude  and  phase  of  the  reflected  ray  is  calculated  for  any  segment  of 
terrain  that  ir  smooth,  horizontal,  and  satisfies  the  geometrical  requirement!?  for  interference  between 
the  direct  and  reflected  rays.  Reflection  coefficients  are  determined  using  the  available  values  of  surface 
conductivity  and  permittivity.  The  total  reflection  ’loss1  ia  the  sum  of  the  'losses1  due  to  each 
reflecting  surface.  It  is  possible,  of  course,  for  a net  gain  to  be  realized  il  the  direct  end  reflected 
waves  roicblne  in  phase. 

The  path-loss  L<j  is  defined  to  be  the  sun.  o*  the  individual  diffraction  looses,  reflection  losses, 
and  free-space  loss.  For  each  obstructed  path,  a ti opo-sca cter  loss  term  Le  is  calculated  using  a 
technique  similar  to  that  described  by  C.CIR  (1966),  The  smaller  of  and  La  is  taken  to  represent  the 
actual  path-loss  expected  over  the  propagation  path. 

ill)  One  End  of  Propagation  Path  in  an  Urban  Area 

In  ail  cases  the  computer  checks  the  terrain  cover  codes  for  each  point  at  which  a path-loss  or 
field-strength  calculation  is  required.  If  such  a point  is  found  to  lie  in  an  urban  area,  two  separate 
path-loss  calculations  are  carried  cut.  The  first  is  the  detailed  calculation  as  previously  described, 
and  the  second  is  a statistical  loss  calculation  related  to  that  used  in  the  urban  area  model.  The 
statist  leal  loss  model  used  here  is  not  identical  to  that  used  in  the  urban  model  since,  in  this  case,  only 
one  end  of  the  propagation  path  lies  ?.n  the  urban  area.  Currently,  expressions  equal  to 
L - l^GLl  1000/f(MHZ)  dB  are  used.  These  expressions  were  empirically  determined  to  beat  fit  the 
Ottawa  area  measurements  * where  one  end  of  the  propagation  path  lay  in  the  urban  core  area.  The  final 
value  of  path-loss  is  the  maximum  of  the  statistical  ard  detailed  calculation  values  of  path-loss. 

iv)  The  Environmental  'Clutter'  Routine 

This  routine  accounts  for  the  presence  of  buildings  or  trees  in  proximity  to  the  transmitting  or 
receiving  antenr.  is. 

Numerous  measurement s of  excess  path-loss  in  or  near  built-up  or  treed  areas  have  been  carried  out. 
Few  model6  have  ueen  developed  from  the  data  which  enable  predictions  to  be  made  in  the  general  case.  The 
routine  incorporated  into  the  present  program  is  a composite  and  summarizes  existing  data  and  ttodel6  thus 
far  available.  (Rice,  3971;  Head,  I960;  LaGrone  et  al.,  1953;  Saxton  and  lane,  1955;  Okumura  et  al,,  1968; 
etc.). 


Trees 

Path-losses  due  to  trees  may  be  considered  in  the  following  three  categories; 

(a)  Entering  a wooded  area  from  the  transmitter  (receiver)  aide  in  the  case  of  clutter  around  the 
receiver  (transmitter)  antenna.  The  path- loss  increases  at  the  rate  of; 

Lv  = 1637c  + [gg-i-yo/f)  ,<lj_fllggi]  oB/meir. 

L,  , 1537c  + [aa-fcaSmogJl. tllm. ] dB/»LM 

where  v and  h stand  for  vertical  ana  horizontal  polarisation  respectively,  f is  in  M/lz,  and  u depends  upon 
true  type  (Klee,  1971). 

(b)  Inside  a wooded  area.  After  the  initial  increase  in  attenuation  described  above,  the  path-loss 
relative  to  free-epace  in  a wooded  area  reaches  a more  or  Jess  constant  value,  independent  of  distance. 

30  dB  is  a typical  value  for  this  limiting  attenuation  fox  thi  UHF  band  (Head,  1960).  In  the  present 
program  the  Iobs  is  taken  to  Increase  linearly  with  tree  height  above  the  antenna  to  a maximum  of  30  dB 
when  the  tree  cover  extends  30  metres  or  more  above  the  antenna. 

(c)  Antenna  behind  a wooded  area.  At  distances  greater  than  five  times  the  seen  tree  height  above  the 
antenna,  the  tree-tops  are  taker,  as  defining  a Unife-edRc,  and  the  resultant  path-loss  ia  that  expected  as 
a result  of  diffraction  over  this  edgy.  For  distances  behind  the  ernes  of  lass  than  five  times  the  wati 
three  height  above  the  antenna,  the  knife  edge  loss  is  smoothly  Joined  to  the  constant  va^ue  found  within 
the  wooded  area. 

Buildings 

Three  separate  loss  factors  arc  calculated  and  the  minimum  value  is  taken  «e  the  predicted 
additional  loss.  Th*  Ices  through  the  struct  we  of  the  hall  tings  1*  given  ec*>irlcally  by  L1  - M*d/15  (dB) 
where  d ie  the  extent  of  the  building(a)  along  the  line-oi -night,  and  M is  a love  factor  dependent  upon 
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the  construction  type.  (M  » 15  ili  fcr  wood,  30  cB  for  concrate,  and  45  dB  for  T'if fraction  losses 

over  the  bulldlng(a)  are  accounted  for  by  I.„  ° knlia-edge  d.' f fraction  loss.  A*,  empirical  maximum  paih -Iors 
of  L3  s 20  log  f is  assumed. 

In  the  case  of  both  bulldingB  and  *rees,  a factor  (I-exp  (-£l/d)  ) ia  introduced  t account  f^r  the 
finite  extent  of  the  obstructions  perpendicular  (across)  the  lir.e-c  f -sight . AL  is  tlx*  'irimum  extent  cf 
the  obstruction  across  the  line-of -sight  and  d is  the  distance  be  twee-',  the  antenna  and  ■:  loaeat  port  of 
the  obstruction, 

4.  COMPARISON  OF  PREDICTED  AND  MEASURED  PATH-LOSS 


There  are  numerous  sets  of  measured  path -loss  data  available  with  which  the  results  of  the  propaga- 
tion prediction  program  cculd  be  compared.  Many  of  these,  however,  fail  to  describe  the  relevant  terrain 
parameters  In  sufficient  detail  to  be  of  real  use  in  the  present  work.  Examples  of  parameters  which  are 
seldom  reported  include  the  type  of  ground  surface,  or  terrain  cove*',  radii  of  curvature  of  obstacle  crests, 
and  the  nature  of  the  ‘clutter1  in  the  vicinity  of  the  transmitter  and  receiver  antennas. 

4.1  Ottawa-Area  Measurements 

An  Ottava-area  measurement  program  was  initiated  in  January  1975.  This  \ rogram  used  two  existing 
television  transmitters  as  source3  {CKGN  at  T8  MHz,  and  CFVO  at  572  MH2).  Measurements  of  received 
signal- strength  were  made  along  a number  of  radials  from  each  transmitter  at  distances  up  to  about  45  km. 

At  each  measurement  ’site*  five  to  ten  separate  measurements  of  field-strength,  at  locations  separated  by 
50-100  metres,  were  made  in  order  to  obtain  a measure  of  the  spatial  variability  of  signal-strength  at  each 
site.  The  radiation  patterns  and  output  powers  of  the  transmitters  were  known,  enabling  path-loss  to  be 
determined  from  the  corresponding  field-strength  measurements.  More  than  one  thousand  individual 
path-lo^e  measurements  were  made  between  April  1975  and  April  1976* 

4.2  ’Remote*  Area  Measurements 

Between  August  19/6  and  May  1977,  a series  of  propagation  measurements  were  made  at  Inuvik  and 
Resolute  Bay,  N.V.Vf.  Path-losses  were  measured  In  both  summer  and  winter  at  the  two  sites.  Both 
horizontally  and  vertically  polarized  signals  at  150  and  450  MHs  were  used,  together  with  transmitting 
antenna  heights  of  7.2  and  16.5  metres  and  receiving  antenna  heights  of  1.5  and  3.0  metres.  Over  two 
thousand  individual  measurements  of  path-lous  were  made,  for  all  combinations  of  system  parameters,  in  t.he 
10  month  period. 

Examples  of  measured  path-losses  along  radiul6  from  the  88  MHz  (CK.FN)  and  572  Mhz  (CFVO)  transmitters, 
together  with  the  values  of  path-loss  predicted  b>  the  ‘detailed’  and  ’irregular  terrain’  models  incor- 
porated into  1 RUN 1 are  3hown  in  Figures  4a  and  5a.  The  corresponding  path-profiles  are  aho«n  in  Figures  4b 

J ct 

auu  j u. 


Examples  of  pnih-loss  treasured  at  150  MHz  along  radials  at  beth  Inuvik  and  Resolute  Ba>  , again  with 
values  o£  path-loss  predicted  by  both  the  'detailed'  and  irregular  terra'n  models,  are  shown  In  Figures  6a 
and  7a.  The  corresponding  path-prciiles  are  shown  it.  Figures  6b  and  7b. 

The  'irregular  terrain'  calculations  were  carried  out  using  the  following  values  of  AH: 


i. 

Ottawa,  88  Mdz  (Pig.  4a): 

55  m 

li. 

Ottawa,  572  MHz  (Fig,  5ft)  i 

15  u 

ill. 

Inuvik,  NWT  (Fig.  6a): 

45  m 

iv. 

Resolute  Bay,  NWT  (Fig.  7a): 

3 m 

The  CKGH  and  CFVO  path-profiles  shown  in  Figures  4b  and  5b  were  derived  automatically  from  the  topographic 
data-base.  The  profiles  shown  in  Figures  6b  and  7b  were  derived  manually  frora  topographic  traps.  The 


r>i-rn~  rrr 


Vi: £ t uCiiC  oui.v-iuot  tCAny  . 


4.3  ‘irregular  retrain*  Model  Predictions 


It  is  clear  that  the  values  cf  path-loss  predicted  by  this  model  are  Rood  approximations  to  the 
median  values  of  loss  which  arc  measured  over  lengths  of  the  propagation  path  which  are  large  compared  to 
the  dimensions  o£  typical  terrain  obstructions.  However,  in  the  vicinity  c£  these  obstructions,  the  path- 
loss  may  be  seriously  under  or  over-estimated  depending  upon  whether  the  receiving  site  lu  at  the  foot  or 
crest  of  the  obstruction. 


4.4  ’Detailed*  Model  Predictions 

The  CKGN  and  CFVO  radials  shown  in  Figures  4b  and  5b  cross  'urban*  ate&u  at  various  points  along 
cheir  length.  At  these  points,  path-losses  are  automat icclly  taken  to  be  the  larger  of  those  calculated 
using  the  terrain  loss  subroutines  and  those  calculated  using  o statistical  'urban1  subroutine.  The 
resulting  increases  in  predicted  path-loss,  relative  to  the  losses  in  neighbouring  'ncti-urban'  areas,  can 
be  seen  at  a distance  of  about  35  Vjb  in  Figure  4a  and  at  distances  of  about  12,  16.  and  22  kw  in  Figure  5a. 
The  predicted  losses  are  good  approximations  to  the  measured  (suidiau)  lostfe*  in  these  areas, 

All  path-loss  curves  illustrated  show  the  highly  voriatlu  (tpatlal)  nature  of  ;>ath-loas  in  irregular 
terrain.  The  effects  of  'isolated’  obstacles  arc  moat  clearly  sveo  >t\  Figur-  7a.  The  receiving  site  in 
the  ’ahadow’  of  the  obstacle  at  a dirtance  of  5 km  hco  an  ease-  iated  path-lo*s  approximately  60  dB  above 
that  predicted  by  the  irregular  terrain  model.  It  is  veil  app  ox  faceted  by  the  predict ions  of  the  detailed 
model.  The  oscillation  in  path -loss  at  distances  of  about  17  aiul  30  km  along  t**U  \adial  at  a due  to 
reflections  from  the  smooth  terrain  found  along  this  path. 
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5 * CONCLUSrr.a 

Ire  prorogation  piediction  program  Initially  constructed  during  !97//i976  hi;y  uvf.n  modified  ae 
necessary  end  validated  aa  far  as  possible  for  propagation  (d  < 100  km)  over  the  tyr-ea  of  terrain  found  ip 
both  aoiMiern  and  northern  areas  of  Canada,  The  following  are  two  majrr  areas  in  which  the  present  progreji 
should  fc e checked  agai..t  experiment  and  extended  where  required. 

5.1  Urbs'*  Core  A>--js 

A number  of  eiuMafical  models  exist  which  are  intended  to  predict  pf  for  propagation 

paths  in  urban  arear.  A comparison  of  a numbec  of  these  models  indicates  jliHt  the!'  validity  depends  upon 
how  closely  the  urjar  area  In  question  resembles  the  city  or  cities  in  which  the  propagation  data  used  to 
con-truct  the  uodel  wig  collected.  Observed  path-losses  are  dependent  uprn  building  heights  and  density; 
factors  which  are  ignored  in  most  of  the  present  models.  It  l<  hoped  that,  starting  in  1978,  the  existing 
models  can  be  improved  by  taking  such  factors  explicitly  into  account.  In  addition,  r-ultiparh  effects  in 
this:  areas  can  have  a profound  effect  upon  digital  transmission  system.,  end  it  Is  hoped  that  a Mart  can 
be  iiiade  toward  model  Ling  these  phenomena. 

5.2  ’I.oug'  Paths 

Although  tropo-ocatter  terms  ate  included  in  the  present  prediction  models _ their  accuracy  has  not 
yet  been  verified  by  the  experimental  programs  carried  out  to  date,  barge,  errott  are  not  anticipated  foi 
paths  in  jway  areas  of  southern  Canada  since  the  original  loss  expresuicnc  are  based  on  large  amounts  of 
data  collected  in  areas  of  the  If,?,  and  Europe.  Ir.  is  not  clear,  howevt-r,  that  the  existing  models  can  he 
used  without  modification  in  the  Arctic  or  Great  lakes  areas  where  climetic  facto,. a can  differ  greatly  from 
those  found  elsewhere, 

bo  realistically  model  tropospheric  effects,  r h\  results  of  long-term  measurement  program  are 
required.  One  such  program  was  Initiated  in  the  summer  1277  as  pert  of  a Joint  project  between  the 
Canadian  Department  of  Communications  and  the  Federal  Comiuu'nications  Commission  of  the  United  States. 
Signals  from  16  Canadian  end  U.S.  VHF/UHF  television  stations  are  being  uonito.vo  fruit  a receiving  site  at 
the  University  of  Western  0ntat5.o  at  London,  Ontario.  Vs.th-lenfc.iha  range  from  130  to  225  ten.  Eight 
stations,  having  a similar  range  of  path-lengths,  are  being  monitored  at  CRC.  Path-loan  statistics  are 
currently  being  derived  from  the  data.  At  the  completion  of  the  project  these  statistics  will  be  used  to 
modify  or  extend  the  troposcatter  loss  model  that  i3  presently  incorporated  into  ’RUN1, 
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CRC  VHF/UHF  PROPAGATION  PREDICTION  PROGRAMME 


Fig.  1 Organisation  of  the  prediction  program. 


Fig.  2 Example  of  au  actual  profile  and  its  reconstruction  from  the  topographic  data-base.  The  vertical 
bars  vith  dots  show  the  maximum,  minimum,  and  avarage  terrain  height*  calculated  from  the 
corresponding  data  in  tha  1 km  square  cells  of  the  data-base. 
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Fig.  4 (a)  Plots  of  path-loss  as  a function  of  distance  Iron  the  CKGH  transnltter ; Ottawa 

f:  88  )fit;  hti  46  m;  H,:  7 n.  Solid  Una:  detailed  aodal;  dotted  Huai  Irregular -terrain  nodal. 


(b)  Profile  of  radial  free  television  station  CTGei,  Ottawa. 
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(b> 


(»)  Plots  of  path-loss  as  a function  of  distance  from  the  CFVO  transmitter;  Ottawa 

f;  572  Wi;  ht:  142  a;  hr:  7 m.  Solid  line:  detailed  model;  dotted  line:  irregular-terrain 
model. 

(b)  Profile  of  radial  from  television  station  CFVO,  Ottawa 
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(b) 

Fig.  7 (a)  Plots  of  path-loss  as  a function  of  distance  froa  the  CRC  transmitter  at  Resolute  Bay,  H.W.T. 

ft  ISO  IMe;  htt  16  a;  hj-i  3 a.  Solid  Una:  dstallad  nodal;  dottud  llnei  Irregular -terrain  nodal. 

(b)  Profile  of  radial  froa  CRC  transmitter  at  Resolute  Bay,  N.W.T. 
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DISCUSSION 


H.Vissiuga,  Nethcianus 

The  dois  in  '.lie  graphs  yon  showed  represent  median  values  of  srveral  mcasuie.nen's.  Car  you  *ell  rue  how  these 
measurements  were  taken  and  what  the  spread  : ' 'l  ese  measurements  is? 

Author’*  IVpl/ 

We  have  made  measurer™  nts  of  the  location-variability  ol  VHT/UHT  signals  am’  find  tnat  in  urban  areas  the  stan- 
dard deviation  o!  a series  of  measu-nnents,  in-Jc  over  a distance  of  iO  - 100  meters,  t a <ges  up  to  about  iOdB.  I:t 
Aictic  areas,  v, here  there  is  little  ,.  r no  ground  cover,  the  s andard  deviation  of  a si.iti'or  set  of  iiivasurennnts  ear  tv 
very  small,  Perhaps  a d If  or  so. 

We  are  accumulating  location  variability  data  hut  v/c  have  not  yet  ipcorpcu tiled  a model  into  our  progranr. 


Is  Lampert,  i:HG 

In  systems  with  low  antenna  height  especially,  calculated  path  tosses  usin;’,  ordinary  two-d.t.ier  sional  path  profiles 
often  deviate  eonsideiahly  In m measured  values.  Have  you,  therefore,  tried  ’.o  include  'he  th.'d  dimension  in  your 
calcui  'ion,  or  are  you  aware  of  such  attempts? 

Author's  Reply 

We  realise  that  irr  certain  areas,  off-path  reflections  can  significantly  ■'ffect  received  signal-levels  We  do  no; 
presently  include  such  t 'Tt  cts,  hut  this  d.jcs  not  stem  to  have  significantly  affected  p-rdiction  accuracy  for  the  paths 
we  have  modelled  thus  far. 

There  is  a paper  dealing  whh  the  modelling  ot  oil-path  reflectio  is  in  a rccem  issue  of  one  of  *hs  lCTfi  Transactions 


A 5TC..H.\~fIC  DYNAMIC  WDEL  Cf  I-AiN  M TENUATION 

T.  Mai.L-1'.q  and  P.M.  Bnkkc.i 
SHAPE  Terbnie&l  Cenlrc- 
The  Hague,  Netherlands 

■S 1 iMMAR’1’ 

a dynamic  n'athfcir.dticn  1 model  of  rain  attenuat Ion  been  devilopvd  at  STC  ai.o  l.t:  5 u str.urj  m this  pap**. 
This  model  penult;;  the  express..' on  cr  analytic  1 elation  bt’tween  parameters  :0!_.rk>:ily  U3t?d  tc  describe 

the  pr^pertiv  3 ot  interest  for  communicat  ion.  The  model  utilizes  a memorylosc  uonl ir.^u_  device  to 
transform  atte  iuation  and  rain  intensify  into  u 3ue  dimensional  uaut-siun  stationary  Markov  pnj.  ea* . 

Hence . only  one  parai'ietor  is  required  to  Introduce  the  oynwnic  properties  oi  ruwn  att^nuai lor*  into  the 
modol 

Experimental  regults  and  the  k lown  prtj  *vties  c>*  rain  hav*»  ixon  used  lu  derive  and  tu  verify  the  r.ad  -l. 
comparative  r;sulte  are  prea-nted  and  d Mnonslra*  a good  eoi  re&pord  incu . Kjsti.to  t r.e  aua } yri.b  vae?c.riijfcd 
in  this  pAp._r  shews  how  the  djTiaislc  pj-ooerti-'s  of.  rain  at  Lenta ti  or  should  be  measured  to  provide  a 
coiupj  cte  character izr.tion  in  the  itod-?l . 

The  application  or  the  .nodcl  tu  the  statistica1  analysis  of  the  performance  of  communication*  vybtv'nib  «s  ftiiHurt**  ia  the  paper  The  u^c 
of  a dynamic  rain  attenuation  ' ioJel  is  nectary  in  older  to  analyze  rad»o  communication  sjstv  ns  with  ‘urnm'iit  power  control  to  offset 
the  effe<  ts  of  ram  at.cnuation  end  v. here  th*  finite  response  time  of  the  control  ailtcts  the  per.ormance. 

Ar.  cdvaiiLC'qG  ol  the  model  lo  the  simplicity  with  which  it  allows  simulation  of  conu'junl catior.  link 
pi  Drmanc.'  under  the  influence  uf  rain  att  equation.  Such  simulations  -ro  of  qrsnt  mtp  eat  for  complex 
ijc-dcis  of  .Captive  nctwoikg  where  several  deteriorating  effect;-**  including  finite  reeporw?  tlmcn.arc  present. 

1 . i.vrRODuCTJorJ 

In  Satellite  commi  "ication  sy  *.l  ms  operating  at  X-biuul  frequences  and  higher,  large  signal  d»argins  a^p  generally  .assigned  to  cater  for  the 
signal  fading  caused  by  precipitation,  As  spec’ mm  congestion  drives  the  system  planner  to  higher  and  higher  ucquencici,  larger  and  larger 
margins  inus*  be  taker.  The  t.ietho*J3  available  to  ndnut  these  margins  and  thereby  make  the  most  efficient  us.  cf  satellite  convivinka- 
tion  systems  fall  broadly  into  two  categories:  one  employing  diversity  techniques  ar*i  the  other  employing  adaptive  compensation 
techniques.  The  work  described  in  this  paper  was  undertaken  to  determine  the  response  time  /eouiremenls  of  an  adaptive  system  to 
compe.isate  for  fades  caused  by  orccipitaiton. 

1.1  Background  end  Purpose 

Previous  work  by  SdC.  (Kef.  1 ana  2)  has  shown  that  the  use  ot  sat»llj.i.e  ground  terminal  <5><7T)  t ransmit t^r 
powat  control  is  a valuable  method  of  reducing  the  outage  ti'ne  caused  Ly  rain  attenuation.  It  is  therefore 
planned  th  et  the  ivaxt  generation  NATO  fcAViOK  eysem  f*h*il  utilize  powe~  control  wMn  aurcaatic  iropl  erne  n tat  ton 
oC  commands.  Thu  control  eyntera  will  employ  a min  * -‘Computer  with  appropriate  software  at  the  contrul 
cent  tea.  Input  .Y.ta  will  be  made  available  b/  <n  automatic  rlati*  reporting  ayat«u  (ADPSJ  . report  lag  from 
each  of  the  fixed  SuTa. 

The  lyatem  input  noise  esn  p'r ntuzc  and  the  level  of  the  natellite  Deacon  will  he  among  the  meaour»-J»ent8 
rjsde  ty  th*  f.vxed  SGTs.  '.he  beacon  moa^ur salute  will  he  pcrto.-m.id  very  accurately  by  comparison  with 
an  injected  reference  cairiei.  Since  tne  output  le/e1  of  the  satellite  beacon  i9  very  stable,  a btaccn 
lev-**  will  give  an  e.ccu;  r*t«'  measure  01  tha  link  lose  at  that  location,  at  any  given  instant. 

Th?  mini -computer,  with  a knowledge  of  t»*v  up-  and  dowii-lin':  losses  for  c»ach  carrier,  c«n  ordpr  tc&nsmit- 
power  nhangas  to  cempensate  for  any  Increase i looses  which  nay  00  caused  by  rain  or  other  environmental 
effects. 

I>-'lay  is  -4  very  imporUni  factoi  jons'dered  in  Ihr  e'-T'.utfion  of  die  control  concept.  From  tlic  sudden  onset  of  rain  attenuation,  no 
control  actions  can  be  taken  fo:  a fime  dircrmintd  by  t he  delay  ui  the  ADKS  ana  the  delay  while  commands  are  computed  and  traris- 
irdltcd.  The  efie^t  cf  these  delays  is  iwt  ? luir.ewhat  hight  / rruigin  on  each  link  will  be  inquired. 

Tc  cvalu  iic  the  effect  of  the  delays,  h statistical  n ode)  of  lain  attenuation  was  developed.  TTie  model  takes  into  accourt  iiut  ooy  the 
s.ationaiy  piop^vties  of  ;ui:v  out  a)tu,  with  th»  introduction  of  one  aduitional  parameter,  the  dynsndc  behaviour.ii'  /aiu, 

1.2  Related  Work 

S.  II.  > in  has  novj  that  rain  attenuation  in  dB  is  lognoriWdy  distributed  (Ref.  3),  p itsuli  which  is  supported  by  expjrir..erital 
result  repo;uu  by  Turner  ct.  e!.  (Rer.  4 to  6)  and  f M.Calintc  (Ref.  7).  l.in  also  suggeitvo  that  the  fade  duration  T is  loyiormt!ly 
disputed  vith parameters  dependci.t  on  the  fa  U thteshold  used.  However,  the  inreshold  valu'j  dependence  is  *iot  given 

To  dwiermlne  the  parameters  requireo  to  predict  the  ofatlstlce*  properties  of  rain  abtenuatjon , loiigtern* 
propagati<jr»  ma«eurRir.e:it.s  are  necac'^ary.  For  terreet  1 i-il  links,  well-eatabl  iched  r.achnlqaee  &i*e  available 
(Ref.  10)  fez  evaluating  tne  expected  path  per  kiloroetre  from  meteotol4*gical  ebserv^tiono.  Fcr 

cuitellita  path*  through  the  atxrjoaphnre,  this  more  difficult  to  achieve  based  only  an  point  meaeuieeient  o 
oi  rain  statistics,  because  the  rain  intensity  clvanges  with  altitude  and  the  wind  direction  influences  the 
attenuation.  Wovwver,  Buseoy  ^Ref.  11)  and  Hclrzer  (^cf.  12)  ha /a  Loth  produced  oomputacioral  procftdi\res 
for  eveluatlng  otatiatical  properri^a  of  path  -.oases  at  slant  angles  through  the  atmonphare. 


A -»jie  accurate  procedure  for  predicting  attenuation  statistics  on  a slant  satellite  path  from  rain 
gauge  measurement s was  developed  by  Ippolito  {Ref.  13  and  14),  who  used  a set  of  ten  tipping  bucket 
rain  gauges  deployed  along  the  azimuth  track  of  the  satellite  path.  The  results  were  compared  with 
those  predicted  from  on-beam  radar  measurements. 


Fur  the  NATO  SATCOM  SGT  sites,  the  SIIAPK  Technical  Centre  has  used  both  Bussey's  me  thud  and  Hullzcr's  to  evaluate  from  meteoro- 
logical information  the  long-term  cumulative  distribution  of  X-band  rain  attenuation.  These  results! Kef.  15)  am  utilized  in  this  paper 
to  obtain  the  pow-*r  margin  requirements  ol  ten  NATO  SATCOM  links  when  an  automatic  power  eontrol  system  with  a fin'!/-,  response 
time  is  employed. 

1 . 3 Approach  to  the  Problem 

It  has  been  accapted  that  the  attenuation  of  a microwave  radio  signal  caused  by  rain  has  a lognormal 
stationary  distribution  {Ref.  3> . In  the  planning  of  conmunicatlcn  systems  the  dynamic  properties  of 
rain  attenuation  are  alco  of  interest,  especially  the  fade  duration  distribution,  of  which  extensive 
measurements  have  been  made  for  a wide  range  of  fade  thresholds.  These  measurements  are  sjm.Tr. „ ized 
in  Ref.  3.  For  the  planning  and  performance  evaluation  of  the  NATO  SATCOM  adaptive  power  control 
system,  a dynamic  stochastic  model  is  required  to  enable  the  effects  of  finite  system  response  time 
to  be  calculated. 

The  model  selected  for  this  purpose  transforms,  by  a memoryless  nonL inear  device,  the  attenuation «. 

(in  dB>  into  a Gaubsian  stationary  Markov  process  of  the  Ornatein-Uhlenbeck  type . The  model  allows 
the  static  statir.tical  distribution,  description  of  rain  attenuation  to  be  described  oy  two  parameters, 

« vurage  attenuation  n a and  standard  deviationO  a of  lg^ot.  The  time  dependence  is  described  by  a single 
parameter  . When  these  three  parameters  have  been  determined,  properties  of  interest,  such  as  the 
auto-correlation  fu  v.tion  for  the  rain  attenuation  and  the  complete  transition  probability  density,  may 
be  found  by  ca'cula  ion.  Kale  duration  statistics  may  be  derived  from  the  passage  time  properties  of 
the  Ornstoin-tJhlenbtck  process. 

It  must  be  emphasized  that  this  dynamic  model  is  applicable  only  during  the  rain  periods,  because  no 
dynamic  transition  m chan ism  between  rainy  weather  and  clear-a.iy  conditions  ha3  been  incorporated. 

2 . conception  ok  the  model 


For  the  intended  application  of  the  rain  attenuation  model,  it  is  considered  highly  desirable  to  use 
the  relatively  simple  f . rst -order  Markov  process.  This  implies  that,  given  the  rain  attenuation  at  a 
time  t,  the  model  aliowi  statistics  to  be  generated  for  future  ralr  attenuation,  and  that  these 
statistics  cannot  be  imp.  :>ved  upon  by  consideration  of  the  rain  attenuation  prior  to  t.  The  fluctuation 
equation  may  then  be  writ  ®n  as  (Ref.  16). 


da 

d? 


*'ia'w 


* 


where  n(t)  is  white  Gaussian  noise  of  unity  variance  end  zero  mean,  and  K and  ate  deterministic 
functions  of  tx,  corresponding  to 


y (a)  = lim  — - E { ( a(  t +At ) -a( t )n j cx(  t ) } n • 1 and  2 

nr  At 

t »0 


(2) 


Lin  'Kef..,?)  ha^  shown  that  the  stationary  probability  distribution  o t <X  ib  lognormal  (Ref.  17) 

A(M^  ,MT2  hot).  Kontojovich  and  Ly-odus  (Ref.  16)  have  shc*m  that  for  reflecting  boundaries,  when  the 

stationary  density  is  rriven,  only  one  of  the  ;wo  functions  K._  i<X)  or  remains  to  te  selected  to 

, 1^  2 (Jj 

chare  -tie  rise  the  troceso  fully.  Assuming  to  be  chosen. 
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and  the  probability  density  ofot(t),  p(ot,t)  can  be  found  tfroa  t);e  Fokk^r -Planck  equation 


fin ( a , t j _ 1 3 , „ . . . ^ . . 3 

i»J“  ' “T"?  (lSoU,p<°-u)  * 


tt-  ( K.  (a)p(:i  ,1  ) ) 

3a  la 
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Since  the  number  of  classes  of  Fbkker-Manck  equations  that  have  beon  solved  la  limited  (Ref.  10)  , (<z) 

will  be  chosen  so  that  F.q.  (4)  can  te  converted  to  one  of  then:. 


Furthermore , Observations  have  shown  (Ref.  19)  that  the  random  .‘ot.c  of  change  ofcC(t)  increases  with  % . 
It  is  shown  later  that  these  two  requirements  can  be  mat.  by  the  following  choice: 


2 2 2 2 

K (a  ) = ?f.  no  c 
Ja  a 


(5) 


where  £ u>  the  parameter  selected  to  describe  the  rato  of  change  of  the  process  ysodflifccU  Th.ic  choice, 
enables  the  fluctuation  equation  of  at, < t * (Eq.  1)  to  be  translocated  by 
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into  that  of  Ornstein  and  Uhlenbeck  (Ref.  20  and  21)  by  the  use  of  ItA  differentiation  rules  (Ref.  22) 

^ c-x0  + /r  n(t)S 


(7) 


The  complete  d/naro.c  solution  of  the  corresponding  Pokker-Planck  equation  lor  x (using  K (x)  « -xp 
ana  K^)=  2£>^  in  Eq.  (4))  has  been  obtained  (Ref.  10  and  20)  and  results  in  the  normal  first-order 
sta*ionary  Markov  process. 


The  substitution  of  Eq.  (5)  into  the  conditional  probability  density  of  the  Ornstein  and  Uhlenbeck 
process  gives  the  conditional  probability  denoity  ofOMt).  This  lognormal  distribut jou  can  be 
written  . , i 

P (a(ttAt)  < a a(t)  = a ) = -/UpiCpc.),p*;*.)  ' 
r o 


(8) 


s A(  u^tH  l-exp(  -8 1 At  | ;)  + lg10(ou)Kexp(-aloc|  ) , o^H?(  l-exp( -20  |it  1 ))  i «) 

The  relationship  between  the  generating  white  Gaussian  noise  source  n(t) , the  ornstein  and  Uhlenbeck 
distributed  intrinsic  model  stochastic  variable  x(t)  and  the  instantaneous  rain  attenuation  (t) 

In  dB  is  illustrated  in  Fig.  1. 


Figure  2 shows  how  the  conditional  probability  density  of  CMt+dt) 

instantaneous  value  of  ct( t)  - W for  o'  s 0.5,  o<  = 0.5  dB  and 

o a m 


The  moments  of  t*~s  conditional  density  of  a are 


changes  with 
6 dB. 
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frois  which  Eq.  (5)  can  be  obtained  when 
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lor  short  radio  pallid  (lei.  , whi:».o  the  tain  l.,*.ensity  q can  be  assumed  constant  throughout  the  path, 
the  atterua-.xen  it  related  *-<)  rainfall  intensity  by 


n . ( 1 1 » 

a = Y q L 

whore  y in  j M are  f requenoy- dependent  parameters,  which,  are  nearly  independent  of  po’.ansatlc-n , and  h 
it  the  length  of  the  oath. 

i 2 n 

Since  oo  is  loynormally  dint  ribut  ed  A fMr  ,<j  f , it  follows  from  Eq.  (11)  that  the  r&J.nfail  intensity 
q is  ala.}  lognormally  distributed 

A(h(pa-l)'lc<L)-lgi0(v)  i/n,c^H2/n2;q)  = A(Nn  .M2c^;q)  (12) 

which  ia  in  accordance  with  R;f.  23. 


This  model  is  developed  prj.ci.rily  to  represent  cpace-to-earth  links  at  microwave  frequencies.  The  distance 
through  the  atmosphere  fo;  these  links  will  iiot  be  "short"  in  the  sense  ured  in  Ref.  23,  The  fluctuation 
rate  will  therefore  be  Glower  for  the  radio  path  attenuation  than  for  the  rain  intensity  at  a single  point 
in  tii i path,  thereby  giving  higher  value  or  for  the  sinoic  point  rain  intensity  ardei. 

Equation  (11)  shown  that  ralr.fali  intensity  car.  be  represented  by  a lognormal  model  'imilar  to  that 
.'or  lijn  attenuation.  This  makes  it  possible  to  support  che  model  not  only  with  rain  attenuation 
scatioricB,  but  also  with  statistics  or.  rainfall  intensity. 


g . PuophKJ  ies  of  t<ie  model  suitable  pok  comparison  with  f.xi’Ei'tmental  observations 

Die  stationary  dlstrib  ition  of  Vue  rain  attenuation  of  the  model  is  lognormal  and  ia  therefore  described 
b'*  ur  parameters  which  ran  bs  determined  from  long-term  attenuation  statistics  in  tue  form  of  a histogram 
fo,  the  otli.niiS.ti.jii  of  ..  given  radio  path. 


At  -cil!  have  been  noted  Iron  llie  picvicis  s-xtioiib,  the  dynamic  properties  of  the  model  arc  described  by  one  additional  parametei  0, 
vibci  is  die  mh:  ol  ch.vi/c  oT  atUisuation.  ’.Vheh  0 is  known,  the  model  can  be  used  to  calculate  dynamic  piopcrties  of  rain  attenuation 
k.r.h  a;  fade  dur:  ■ at  sutivics,  typical  profiles  of  tain  attenuation  as  a function  of  lime,  and  tl'.e  autocoirelation  function. 


<3.i  T)ie  Autocorrelation  Function 


111  net.  24  it  :.k  show,  tliat  th  ; .autocorrelat  ; jn  of  x(t) , pff),  is  (wponcntiai  w.th  unity  correlation  for 
ruro  time  lag.  The  autocorrelation  of  co  (and  q)  will,  however,  te  different  ar.d  is  given  by 
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since  x is  N{0,ijx)  distributed  and  the  transfer  function  between  x and  Ot  is  non-singular  and  nemorylesa 
for  all  values  of  x. 


By  integiatior. , Eq.  (13)  yields: 


R (t)  = exp  1->p(t  ) ) } 


0*0 


K^ma’  ization  ar.d  the  removal  of  bias  yield: 


(t)  = 


expv.Hit^p(,c ) )-) 


«5j 


where  p( f ) = exp(-p) T | ) 

ds  the  correlation  function  f-:  r the  Ga  issian  variable  x(t). 


(1C) 


Equations  (15)  and  (16)  are  shown  graphically  in  Fig.  3 , with  0>  as  a parameter,  it  can  be  seen  that  the 
correlation  decreases  wit):  inci easing  ij  . This  is  a consequence  of  the  uiodel  property  expressed  in 
Eq.  (5).  ° 

4.2  Time  Profiles 

If  at  a time  t = 0 an  attenuation  CL  » 06  is  given,  the  mean  profile  for  t > 0 wiLl  be  determined  fior.  the 
first  conditional  moment  (Eq.  (5)). 


EioCOl j ) = A (c) 
o let 


(IV; 


The  variance  lrom  Vnn  mean  profile  is 

= EJ(o(t j'EiaCt)) )2|*  ) - (t)  - A (t) 

p o 2a  la 


(10) 


Figure  4 shows  normalized  mean  and  j_  d profiles  for  /co  * 47. 6 and  166.7,  & * 0 .42  dB,  and 

C\  ~ 0.61.  To  facilitate  comparison  with  the  experimental  results  given  in  Section  5.2,  the  parameter 
values  are  chosen  to  comply  with  thr*ge  found  in  Ref.  I'j. 

4.3  Fade  Duration  Statistics 


A fade  is  experienced  when  the  attenuation  exceeds  n fade  threshold  <X  Because  "he  fade  threshold 
can  te  referred  to  the  siat  tstica)  variable  xft)  by  the  norulnear  transform  ’.Fig.  1),  the  statistics 
oi  the  fade  duration  T o*  the  model  a**c  found  from  the  level  crossing  properties  of  the  Orostein- 
Uhlenceck  process. 


The  fade  duration  properties  of  this  process  have  received  special  attention  in  the  Literature. 

S.G.  nice  (Ref.  8),  A.J.F.  Siegort  (Ref.  25),  and  McFeGdun  (Ref.  2C)  have  studied  the  process  and  shown 
that  the  probability  density  of  the  fade  duration  for  this  model  does  not  exist  as  normally  defined. 


The  power  spec  trim  of  the  Ornste.n-Uhlenbeck  process  car.  bo  written: 


W(f ) 


«<¥> 


(13) 


The  power  carried  by  the  high  frequencies  in  the  spectrum  of  this  proceBn  i « so  la:g-  'chat  the  average 
fade  duration  is  ^ero.  In  a practical  system  used  for  measuring 

fade  duration  characteristics,  however,  effects  such  as  finite  sampling 
frequency,  hyotexeais  in  the  : evel  crossing  detectors  and  bancWlath  limitations  in  the  levsjl  measurement 
equipment  will  cause  the  observed  a\erage  fade  duration  to  bo  finite. 


In  this  paper  It  will  be  assumed  that  a measurement  filter  is  used  to  enable  fade  duration  statistics 
to  be  defined.  The  fi.lter  characteristics  can  be  chosen  quite  freely  as  long  as  the  bandwidth  u)  Is 
much  larger  than  £ . 01 

Figure  5 shows  a proposed  equipment  measurement  conf igu ration  to  enable  the  model  parameter 4 to  be 
determined  from  reported  fade  duration  measurements. 


The  use  of  the  approach  given  in  Ref.  8 illustrates  the  fact  that  the  average  fade  duration  is  dependent 
on  the  measurement  bandwidth  superimposed  or  the  process.  Independent  of  the  measurement  bandwidth, 
however,  the  slLstributiou  function  of  fade  duration  is  given  by  (Ref.  9) 


1-<*p(-T/T.  ) 

where  the  average  fate  duration  T for  threshold  x 

x ° 

ie  given  by  f - T exp(  x?/? )*rf«(x  /'* ?) 

X O Q O 

The  coi7.pl era ei.tury  error  function  is  defined  in  Appendix  A. 

In  Ref.  8 it  i'j  shown  how  the  fade  duration  statistics  c&n  be  obtained  when  the  uieaaur ament  filter  used 
is  of  the  type: 


(20) 


(21) 
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Then  t is  given  by  (Ret.  8) 


T s n / 2— 3.,,  " * e /u  lu  -8)  (23.' 

o £ nr.  m n 

Note  that  Tq  goes  to  zero  as  approaches  infinity. 

5.  COMPARISON  OF  MODEL  PROPERTIES  WITH  Gfc&KHVATlONS  OF  RAIN 

In  the  previous  section,  properties  of  the  model  suitable  for  comparison  with  measured  properties  of  rain  were  obtained.  In  this  section, 
these  properties  are  compared  with  the  known  properties  of  rain. 

5.1  The  Autocorrelation  Function 

No  measurements  of  rain  attenuation  or  rain  intensity  have  been  found  in  the  literature  which  have  or  car.  be  processed  to  yield  the 
autocorrelation  function. 

5.2  Time  Profiles 

In  Section  4,2  time  profiles  for  rain  attenuation  were  obtained  from  the  conditional  moments.  However, 
unprocessed  measured  time  profiles  are  not  available  from  reported  trials.  Nor bury  and  White  (Ref.  19) 
have  conducted  experlinents  over  four  years  at  Slough,  England,  recording  all  rainfall  intensity  events 
with  amplitudes  larger  than  20  mm/h.  Hot  the  experiments  a special  rapid -response  rain  gauge*  was 
employed  (Ref.  28).  The  sampling  rate  was  0.1  sample  pet  second.  The  results  verc  normalized  with 
respect  to  the  peak  intensity  within  the  interval  considered  and  the  time  scale  ref ei red  to  the  time 
of  the  peak.  These  results  (Fig.  6)  show  the  normalized  mean  and  the  ptandaid  deviation  profiles 
for  rain  intensities  in  the  range  20  mm/h  to  70  nit/h. 

For  the  model  no  analytic  expressions  have  beer,  found  for  the  moments  of  the  expected  decay  of  the  ruin 
intensity  from  a given  maximum.  Since  the  unprocessed  data  of  Ref.  19  was  not  available  a computer 
simulation  was  carried  out  at  STC  using  the  algorithms  given  in  Appendix  B.  The  results  of  an  STC 
simulation,  consisting  of  100  event  sequences,  are  included  in  I'ig.  6 for  0.11  min  , a ■*  C.42 
nm/h,rY  = 0.61,  in  accordance  with  Ref.  19  and  23. 
q 

5.3  Fade  Duration  Statistics 

It  wa 3 pointed  out  lr.  section  4.3  that  the  probability  distribution  of  the  duration  of  a fade  exceeding 
a given  threshold  x was  given  by  eq.  (19  and  20)  for  any  type  of  measurement  filter.  To  determine  p 
from  frde  duration  statistics  only  was  not  a convenient  method  since  the  measurement  equipment  would 
tend  to  influence  the  xesults. 

In  figure  9 the  results  on  the  statistics  of  fade  duration  fxoir.  experiments  using  the  ATS -6  satellite 
(Ref.  14)  are  compared  with  those  obtained  from  eq.  (19).  The  results  art:  plotted  on  loqnonutl  gild 
using  lade  delation  normalized  with  respect  to  average  fade  duration  as  abscissa  and  fade  threshold  as 
a parameter. 

Table  i ahowu  soma  of  the  result  a from  reported  trials  or  lade  duration  statistics.  If  the  table  had 
contained  more  measurements  of  the  effect  of  different  thresholds,  Hq.  (20)  could  have  been  compared. 

6 . MAKGI N KKQUIKfa MLNTd  or  NftVQ  SA'xCOtt  LINKS 

In  satellite  ■ orm.uni cations  it  is  possible  to  combat  rain  iosoes  by  increasing  the  transmit  powers 

for  the  carriers  affected  by  rain  (Kef.  29  and  30).  The  transmit  power  mart  be  regulated  to  the  value 
necessary  to  maintain  communication  plus  a margin  to  cater  for  import actions  in  the  system , In  this 
section  a margin  z that  does  not  dejxind  on  the  attenuation  x Is  considered,  while  ir  Section  6.2,  the 
margin  In  attenuation  dependent* . The  probability  of  an  increase  Z in  attenuation  for  a time  At  can  be 
found  as  a function  of  x by  means  of  Eq.  (0),  which  ia  subsequently  averaged  over  the  distribution  of 

oc-  ■ <X(fo) 
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ft  {<*.(*. -Sat ) >«..»z  lm<n  J • j{  1 )P,  <1  })aJl  (/VW  <tV;  «.) 

where  the  parameters  p ( cc#)  and  p are  the  same  a a those  u sod  in  oq,  (8).  Th«/  substitution 

M ylv0®  401  thc  i"teylal 

«•  2 ) - s/?«xp(-6|.U  j 


/ T-r~s  exp(  -s  )orfc( ■ 

il.  ’ HoV2U.-oxi)(  ) 


)dB 


where  the  lower  integration  limit  in 
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* Frequency  DlvUion  Multiple  Acasi*. 
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Equation  (24)  yLiido  — for  z ~ 0.  Hence,  che  probability  of  increase  and  decrease  in  attenuation 
is  the  same.  Another^property  of  Eq.  (24)  is  that,  when  At  approaches  zero,  it  yields  I for  z - 0 
and  0 for  z ? 0. 


Since  no  analytic  solution  has  been  found  to  the  integral  of  Eq.  (24)  , numerical  integration  was  used  to 
obtain  a solution.  Because  of  the  Gaussian  factor  in  the  integrand,  and  because  of  the  double  infinite 
integration  range  (z  fc  0) , a Hermitian  numerical  integration  was  used  (20  points) . 


The  atmospheric  attenuation  statistics  for  ten  NATO  SATCOM  SGI'  sites  were  estimated  in  Ref.  IS.  For  two  of 
these  sites,  the  parameters  O'  , , and  P were  obtained  by  fitting  a lognormal  distribution  through 

the  curves  given  in  Ref.  15.  ?The  curves  obtained  from  Bussey's  method  were  used  and  are  therefore 
expected  to  represent  "worst  case  figures".)  The  parameter  p was  set  to  0.11  (min”*)  for  both  links. 

Figures  S and  9 illustrate  the  results  of  the  application  of  Eq.  (24)  . Note  that  the  margin  savings 
using  a power  control  system  increase  with  increasing  availability  requirements. 


6.2  Partial  Countering  of  Time  Delay  by  Attenuation-Depmd ent  Margins 

In  the  previous  section,  the  effects  of  the  delay  in  the  control  system  were  calculated  in  terms  of 
nviryin  requirements.  With  the  advanced  power  control  system  planned  for  NATO  SATCOM  however,  it  is  not 
necessary  to  use  the  same  margin  for  all  links,  nor  need  the  margin  for  a link  be  time-independent. 

Ah  obvious  method  of  reducing  the  degradation  of  the  power  control  system  caused  by  time  delay  is  to 
let  the  link*;  with  a high  probability  of  a sudden  increase  in  rain  attenuation  operate  with  higher 
margins  that  the  remaining  links. 


Themode!  offers  a possibility  of  calculating  how  the  available  satellite  effective  isotropic  radiated 
power  (EIRP)  should  be  allocated  to  the  various  links,  taking  into  account  net  only  the  clear-weather 
loss  of  the  link,  but  also  the  differences  in  rain  attenuation  statistics  throughout  the  network.  As 
an  example  of  the  use  of  the  model,  a single  link  with  ar.  observed  rain  attenuation  oc  is  considered. 
The  objective  is  to  assign  to  this  link  a margin  tf  , which  depends  on  Ov  in  such  a way  that  the 
probability  of  an  outage  ih  the  next  A t seconds,  where  At  is  the  delay  ?lrae  of  the  power  control 
sys  utn , reraa  in  s cons  tan  t . 


The  probability  of  exceeding  the  level  + K at  tur*e  t ♦ At  is 

Pr{a(6e+t)>oQ+<|ao)  5 1 (Pi(*.'] , R*  j *<>  ♦ K* ) * Be  (26) 

where  the  righthand  side  of  Eq.  (26)  can  be  found  from  Eq.  (8)  using  the  definition  of  the  -A  -integral 
given  in  the  list  of  symbols.  The  optiraur  control  strategy  in  this  simplified  example  is  to  keep 
Lhts  aryuiueuL  uf  the  eooipitaueuvcw  y tuui  funcLiuu  cun&Lauu  with  changing  alLeuutf  cion  uc,  by  Li/e 
introduction  of  corresponding  changes  in  the  margin  K . (This  statement  contains  an  approximation 
because  the  probability  of  exceeding  06  + t<  1 r»  the  titae  At  and  then  returning  to  a lower  level  is 

neglected.  The  approximation  is  good  for  <£kt  .) 


For  ^3 at  <.<  1 Eq.  (26)  yields 

IC  = rt.(CAp(5)-g 


where 


g.  «r('~  fzPK) 


(27) 


(23) 


-2  -3 

The  results  of  Eq.  (27)  ar  d (20)  are  plotted  in  Fig.  10  for  P,q  * 10  and  10  . From  the  figure  it 

can  be  seen  that  this  strategy  implies  an  increase  in  margin  (in  addition  to  the  actual  increase  in 


putij  iuS  6 


■j  a. 


UU3  DUBC 
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delay  before  *ixecution  of  ^ command  is  20  seconds  and  the  outage  probability  when  it  is  raining  is 
set  to  10“^  at  this  site. 


7. 


CONCLUDING  REMARKS 


The  results  obtained  frou  the  ruatheica tic:al  stochastic  model  of  rain  attenuation  show  good  correspondence 
wit n the  available  exper liuental  results.  The  model  enables  analytical  expressions  to  bo  formulated 
Bhowing  the  inter-relationship  between  conwoniy-used  statistical  parameters.  It  also  indicates  how  a 
ccOTflonicaticsi  link  should  be  measured  in  order  to  yield  a statistical  characterization. 


Padc*  duration  statistics  are  of  particular  interest  for  communication  purposes.  There  properties  of 
rain  attenuation  have  been  measured  extensively  for  fixed  threshold  values.  Since  level  crossing 
evaluation  of  stochastic  processes  is  an  extremely  difficult  topic,  and  few  analytic  expressions  are 
known,  eurh  measurement*  are  not  entirely  suited  f<;r  characterization  of  the  process.  As  shown  in 
Sections  4.1  and  4.2,  mean  attenuation  profiles,  ai\J  long-term  measurements  of  the  autocorrelation 
function,  are  mors  directly  applicable  fox  this  purpose  and  further  measurements  of  these  properties, 
to  support  the  model,  ar*  desirable. 


By  the  u»«  of  the  model,  it  lias  been  possible  to  estimate  the  availability  of  the  NATO  SATCOM  links  •: 
(considering  rain  attenuation  only),  when  the  power  of  a link  Is  controlled  by  a control  system  with  a j 
finite  response  time,  but  otherwise  perfect.  With  a link  availability  requirement  of  99.9%  and  a total  j 
response  time  of  40  seconds,  the  margin  requirements  for  un  up-  or  down-link  car  be  reduced  by  1-2  dB  j 
(depending  on  the  site)  cuap&red  to  the  margin  required  if  no  control  system  were  used.  j 
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An  advantage  o£  the  model  is  the  simplicity  with,  which  it  allows  simulation  of  communication  link 
performance  under  the  influence  of  rain  a«tenuatlon,  such  simulations  are  of  great  interest  for 
complex  models  of  adaptive  networks  where  It  is  necessary  to  include  the  deteriorating  effects  of 
finite  response  times  due  to  the  practical  limitations  of  telemetry  systems. 

This  paper  records  work  undertaken  as  part  of  the  continuing  effort  to  design  and  evaluate  an  automatic 
power  control  technique  for  NATO  SATCOM.  The  main  purpose  of  the  control  system  is  to  combat  the 
increased  attenuation  experienced  during  adverse  weather  conditions.  For  a realistic  evaluation,  the 
degrading  effects  of  measurement  errors  and  limited  ground  terminal  EIRP  are  being  considered  in 
current  studies. 
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APPENDIX  A 
List  of  Symbols 
N(  f*.  ,<y  ;x) 


A( 


A 


cr2;°i<  ) 


Cumulative  normal  distribution  of  x with  average  value  of 
x ■=  /*•  and  standard  deviation  of  x BOl  : 


= )du  = i 

o V2n  o 


Cumulative  lognormal  distribution  (Ref.  24)  of  06  with  average 
value  of  lnpc  ) =*  /--and  standard  deviation  of  ln(o&)  « 


oVJTo  u oST 


erfe (x) 

a,,  A,k,2,z*. 

o 

/*a 

P 

x 


Complementary  error  function  (Ref.  27) 

M 

* ^ ^ ^ 

A 

Moment  of  order  j of  lognormal  distribution 

Attenuation  in  dB 

Rain  intensity  ir»  uuu/h 

Mean  value  of  lg10«x<);  = lg  (ocO 

Inverse  time  constant 

Intrinsic  model  stochastic  variable 


PCC) 


Autocorrelation  function  of  x 


r(t) 


Normalized,  unbiased  autocorrelation  function  of  the 
external  stochastic  variable  of  the  model 


R(t> 

W(f) 

M 

X 


Mon-normalized,  biased  autocorrelation  function  ot  the  * 

external  stochastic  variable  of  tne  model  j 

Power  spectrum  j 

Mathematical  constant  (In  10  ■ 2. 3 0258 S)  -j 

Radio  frequency  dependent  constant  ] 


Radio  frequency  dependent  constant 


L 


Equivalent  link  length,  in  km 


PQ  - Probability  of  rain 

t,tfT  - Time 


K (x) 
n 


th 

n 


order  moment  of  stochastic  variable  x 


P 


Probability  density 
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Ok  m 

d 

9.  APPENDIX  B 


Median  value  of  attenuation  * exp  (M 
Measurement  bandwidth 

Standard  deviation  of  x 


Aspects  of  Simulation 

The  model  is  sc  designed  as  to  enable  simple  hardware  or  software  simulation  experiments  to 
be  conducted. 


Hardware  Simulation 


The  equipment  shown  in  Fig.  1 consists  of  a noise  source,  a first-order  PC  filter,  and  an 
exponential  amplifier.  An  analogue  value  is  produced  which  car.  be  used  to  control  an  attenuator  with 
a linear  relationship  between  attenuation  in  dB  and  control  voltage. 

Software  Simulation 


sequence 
(Ref.  35} 


An  algorithm  suitable  for  computer  simulation  can  be  obtained  using  the  properties  of  a 
of  sample  values  (x^  ...,  x^,  .,.)  of  the  stationary  Markovian  process  of  first  order 


x 


k 


0 *k-l 


(Al) 


where  x,  = x(t,  ) 
k k 

\ = Vi  + A 1 

is  white  and  normally  distributed  with  mean  value  zero  and  unity  variance 
and  p 2 exp( -BAt ) 


The  relation  between  oL  and  x given  by  Eq.  (6)  yields: 


V,  • <?•>  % 


J T 

fVl-p  n. 


(a2; 


m 

Equation  (A2)  is  directly  applicable  for  computer  simulation  and  requires  a subroutine  for 
generation  of  independent  random  Gaussian  numbers  NvO,l)  for  rt.  This  technique  was  used  to  produce 
the  model  results  in  Section  5.2  for  comparison  with  the  experimental  results. 
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GENERAL  DISCUSSION  PROCEEDINGS 


SESSION  II 


A-l 


C.M.Rush  - US:  Dr  Nisbet,  you  mentioned  in  your  talk  the  reed  or  the  desire  to  have  coordinat 'd  ionospheric 
modeling  efforts.  A few  years  ago,  there  was  within  the  Government,  the  makings  of  a coordinated  ionospheric 
modeling  effort;  it  involved  many  different  Government  agencies,  and  also  people  in  universities.  Whatever  became  of 
that? 

J.S. Nisbet  - US:  There  was  a very  large  ionospheric  modeling  effort  started  by  ARPA,  but  it  was  dropped. 

F.J.Fremouw  - US:  ARPA  did  call  together  a panel  of  people  working  in  radio  propagation  to  review  the  work,  One  of 
the  criticisms  that  came  up  time-and-time  again  was  where  is  the  output?  Where  is  the  application?  it  was  a very  large 
program,  but  it  was  viewed,  at  least  by  some  people,  in  terms  of  more  immediate  output.  That's  obviously  a problem 
one’s  always  going  ia  have  to  face  in  that  large  scale  a program  - that  the  sponsoring  agencies  are  always  looking  for  year- 
by-year,  or  even  a shorter  time-interval  application. 

J.M.Goodman  - US:  There  is  theoretical  modeling  work  being  done  at  the  Naval  Research  Laboratory.  Workers  are 
principally  concerned  with  the  first  principles  approach  in  which  they  try  to  develop  all  of  the  processes  which  are 
responsible  for  things  such  as  scintillations,  plume  development,  and  so  on.  There  is  a strong  program  in  equatorial 
scintillation  simulation.  There  is  little  bit  of  work  at  high  latitudes,  and  virtually  nothing  at  mid-latitudes. 

N.G.Gerson  - US:  Question  for  Professor  Nisbet.  You  mentioned  that  you  thought  you  might  be  able  to  obtain  some 
dynamical  models,  and  it’s  on  this  very  case  that  1 feel  very  pessimistic;  and  hopefully,  you  can  drive  away  my  pessimism. 
1 view  the  earth’s  atmosphere  as  a conducting  fluid  in  a magnetic  field,  with  unknown  energy  sources  coming  not  only 
from  the  sun,  but  from  energetic  particles  as  well  as  from  layer  couplings.  Do  you  reasonably  feel  that  we  can  construct  a 
dynamic  model?  Is  it  a one  year,  a ten  year,  a century  job?  How  hopeful  do  you  feel  about  it? 

J.S.Nisliet  - US:  I think  we  can  produce  dynamic  models  that  will  reproduce  irregularities  of  the  scale  of  the  height 
distribution  of  the  general  time  variation;  in  other  words,  irregularity  structures  that  will  develop  in  the  same  way  as  they 
are  seen  by  an  EM  signal  from  a satellite  communications  system  or  a radar.  I agree  entirely  that  it’s  very  much  more 
difficult  to  model  the  dynamic  variations  in  the  ionosphere  short  of  starting  from  first  principles. 

F.R.Schrnerling  - US:  I think,  personally,  that  the  advances  in  modelling  state-oi-the-art  are  going  to  come  from  more 
emphasis  in  the  overall  physics  of  what  is  happening  in  the  ionosphere  as  part  of  a system  in  solar-terrestrial  relationships, 
and  we  have  nearly  gone  as  far  as  we  can  in  the  empirical  modeling. 

C.M.Rusii  - US:  Your  points  are  very  well  taken.  Doctor  Schmcrling.  1 think,  however,  that  most  of  us  who  are  in  this 
g3me  do  appreciate  that  the  man  who’s  holding  the  purse  strings  does  want  to  see  resuits.  It’s  perhaps  a sad  testimony  to 
our  time,  that  we  have  to  produce  those  in  a ranter  short  time  period  and  to  tailor  oui  work  to  a specific  application 
rather  than  to  generalize  it. 

IJ.RothmuUer  - US:  I think  one  shouldn’t  sneer  too  much  at  empirical  or  semi-empincal  methods  of  getting  answers, 
because  quite  often  that’s  the  first  step.  You  form  a correlation  between  two  things  that  you  feel  are  somehow 
connected,  but  you  are  not  quite  sure.  The  physics  tell  you  it  ought  to,  but  it’s  so  complicated  as  not  to  be  obvious.  1 
feel  there  ought  to  be  a balance  between  modeling  totally  empirically  without  looking  at  the  physics  at  all,  and  at  the 
other  end,  modeling  only  by  total  understanding  of  all  inierreiared  processes. 

L.W. Barclay  - UK:  In  the  comparison  of  theor  ical  and  empirical  models  of  the  ionosphere,  I am  reminded  of  a rather 
simple  example;  that  of  modeling  the  night-time  skywave  field  strength  at  MF.  Early  models  of  this  weie  empirical,  but 
some  years  ago  a major  improvement  seemed  likely  when  wave-hop  methods  were  developed.  These  theoretical  methods 
failed  to  find  acceptance  due  (I  think,  although  the  rejection  was  not  expressed  in  this  way)  to  the  lack  of  an  adequate 
theoretical  model  of  the  structure  at  the  lower  ionosphere  at  night.  Since  then,  the  prediction  of  MF  field  strength  has 
been  based  on  empirical  results  and  the  technique  has  had  to  become  much  more  complicated,  and  less  related  to  any 
physics,  to  account  for  the  apparently  differing  results  in  various  parts  of  the  world.  An  empirical  model  like  this  might 
be  challenged  and  altered  at  anytime  as  new  results  become  available,  and  I regard  it  as  rather  unsatisfactory.  It  should  be 
possible  to  produce  a much  more  satisfying  and  scientifically  acceptable  model  when  we  are  able  to  supply  a reliable  basic 
physical  model  of  the  lower  ionosphere. 

I was  interested  to  hear  the  discussion  on  sources  of  funds  for  long-term  studies  of  ionospheric  models  in  the  USA. 

In  my  opinion,  the  position  in  the  UK  is  even  less  encouraging.  Some  sources  of  funds  for  universities  and  research 
centers  may  come,  with  difficulty,  from  the  scientific  budgets.  So  far  as  other  budgets  are  concerned,  however,  it  has 
really  not  been  possible  to  convince  the  HF  users  that  there  is  a problem  for  which  long-term  modeling  studies  would 
provide  a solution. 

T. ft  Jones  - UK:  As  fat  as  oui  ir.i'itary  people  are  concerned,  it’s  virtually  impossible  to  convince  them  that  any  kind 
of  modeling  whatsoever  is  of  any  value  to  them.  What  they  do  think  though,  and  I think  this  is  worth  saying,  is  that  a 
real-time  hardware  channel  estimation  system  seems  a much  mote  attractive  object  to  someone  who’s  going  to  put 
money  into  a system. 
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E.R.Schmerling  US:  I must  take  issue  with  that,  to  the  extent  that  it's  only  a partial  answer.  For  short  term  needs,  an 
adaptive  channel  estimation  system  is  enormously  attractive.  But  in  the  long-term  need  for  planning,  such  systems  are 
inadequate.  The  modeling  community  has  to  convince  the  authorities  of  the  necessity  of  better  modeling.  Perhaps 
Dr  Rush  would  like  to  say  a few  words  about  CCIR.  Wouldn't  CCIR  like  to  have  some  good  long  term  models  on  the 
basis  on  which  it  could  make  some  good  recommendations? 

CM. Rush  US:  There's  no  question  about  that.  Attempts  have  been  made  over  the  course  of  the  years  to  develop  not 
only  MFskywavc  field  strength  methods,  but  HF  and  now  even  down  to  the  LF  bands.  I think  its  rather  difficult,  though, 
for  CCIR  to  make  great  strides  in  these  areas  without  the  benefit  of  the  scientific  community.  The  people  who  partici- 
pate in  CCIR,  although  we  mean  well,  do  not  have  the  benefit  of,  let’s  say,  flexibility  that  is  normally  afforded  in  the 
scientific  communities,  We  will  see  within  the  next  two  years  the  crying  need  for  much  improved  information  on  the 
status  of  the  ionosphere  and  its  impact  on  all  of  the  radio  communications  systems  as  we  go  into  the  preparations  and 
actually  hold  the  General  World  Administrative  Conference  in  1979.  At  that  point  all  of  the  radio  regulations  as  well  as 
the  frequency  allocations  will  be  up  for  review,  and  decisions  will  be  made  as  to  the  allocation  of  the  spectrum  and  the 
utilization  of  certain  frequencies  on  the  basis  of  information  that’s  at  best  incomplete  and  in  some  instances,  lacking.  On 
the  other  side  of  the  coin,  such  decisions  will  also  be  made  on  the  basis  of  political  pressures  so  if  one  had  th3t  informa- 
tion, it’s  not  at  all  clear  that  it  would  be  used  in  the  most  appropriate  way.  But  you  are  right,  there’s  no  question  that 
CCIR  in  the  ultimate  does  desire  more  accurate  models,  more  accurate  methods,  for  long  term  system  planning  and 
utilization  of  the  entire  frequency  spectrum. 

I. J.Rothmalier  - US:  The  point  one  should  make  when  one  looks  at  the  effects  of  the  environment  on  systems,  is  that 
one  can  deal  broadly  with  all  systems  rather  than  tailoring  oneself  to  one  particular  system. 

E.R.Schmerling  - US:  While  it  is  true  that  the  funds  are  available  in  the  applications,  the  applications  would  have  been 
impossible  without  the  science  that  went  before  it. 

1 think  NASA’s  representative  put  it  very  well  when  he  was  challenged  in  Congress  about  the  use  of  pure  science. 

He  said,  “Gentlemen,  we  have  taken  out  from  the  treasure  house  of  knowledge  what  has  been  put  in  by  previous  genera- 
tions and  it  served  us  well;  and  you  can  get  all  the  examples  you  know  from  TV  onwards.  Now  1 think  it’s  our  problem 
to  put  science  back  into  the  store-house  of  knowledge  for  future  applications  that  aren’t  even  dreamt  of.  And  one 
Congressman  jumped  up  and  very  excitedly  said,  “Do  you  mean,  that  you  want  to  restock  the-  bam  with  seed  grain?" 

The  Congressman  understood  it  very  well. 

I think  we’re  talking  about  two  entirely  different  things.  We  are  talking  on  the  one  hand  for  results  now  and  applica- 
tions. This  is  legitimate,  and  there’s  a lot  of  money  it.  it  if  the  arguments  arc  legitimate.  On  the  other  hand  there  is 
science  - the  search  for  a deeper  understanding  of  the  how  and  why.  1 think  there  we  w-ant  to  be  very  careful  not  to 
pretend  that  we’re  going  to  come  up  with  instant  answers.  What  we’re  really  seeking  is  the  intellectual  satisfaction  of 
understanding,  and  maybe  one  month,  one  year,  one  generation  ahead,  some  application  will  be  found  from  this  know- 
ledge. 

H.Soicher  - US:  In  view  of  what  has  been  said  in  this  discussion  period,  has  the  scientific  community  failed  in  its  effort 
to  convince  the  users  and  those  in  positions  of  funding  authority  on  the  relative  importance  of  science  and  its  applications? 

J.  Aarons  - US:  Someone  ought  to  defend  the  current  funding  system.  For  example,  in  the  US  Department  of  Defense, 
we  have  what  we  call,  6. 1 funds  for  basic  research.  This  effort  emphasizes  theoretical  and  experimental  conceptual  work, 
rather  than  strictly  applied  work  The  National  Science  Foundation  is  heavily  funded,  and  it  is  not  tasked  with  opera- 
tional tasks. 

We  are  involved  here  in  an  operational  modeling  meeting  and  therefore,  we’re  putting  together  all  these  various 
operational  models  which  are  practical  to  some  users.  The  tasks  of  putting  together  all  the  parameters  involved  in 
producing  the  various  ionosphere  effects  should  be  performed.  It’s  a massive  eftort  requiting  many  groups  coming 
together,  and  a lot  of  funds  devoted  to  just  this  problem  over  very  long  periods  of  time.  Perhaps  one  of  the  things  that 
we  ought  to  think  about,  at  least  within  the  US  concept,  is  liyw  to  put  this  together  in  3 practical  way  and  sell  it  to  the 
Government. 

N.G.Gerson  - US:  The  funds  spent  in  North  America  on  improving  ionospheric  predictions  over  the  past  two  decades 
were  enormous,  while  the  results  have  been  rather  small.  In  some  cases,  the  practical  communicator  did  not  change  his 
operating  pattern  to  incorporate  new  refinements  and  improvements  in  prediction  techniques. 

J.M.Goodman  - US:  As  far  as  the  C3  system  designer  is  concerned,  the  traditional  use  of  basic  research  in  the  radiowave 
propagation  modeling  area  is  based  upon  a requirement  to  know  the  range  of  channel  or  link  variability.  This  is  so  that 
naval  waveform/network  adaptation  and  coding/interleaving  schemes  can  be  developed  given  best  estimates  of  the  ranges 
over  which  such  schemes  must  adapt  or  operate  against.  Nevertheless  the  designer  will  generally  opt  for  development  of 
adaptation  or  mitigation  schemes  based  upon  median  disturbance  models.  Large  disturbances  may  still  pir.ducc  outages 
especially  for  the  small  disadvantageous  users.  It  seems  to  be  that  the  requirement  for  real-time  prediction  schemes  there- 
fore still  exists  even  if  the  overall  link  availability  is  as  good  as  99.5%  (corresponding  to  44  hours/ycar)  since  disturbances 
are  generally  clustered  and  not  averaged  over  a year.  Typically  a few  disturbances  will  contribute  to  the  total  channel 
unavailability  is  a significant  problem;  it  matters  not  that  the  long  term  availability  is  99.5%  say. 
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L.W. Barclay  UK:  In  a numbci  of  papers  this  morning,  we’ve  heard  mention  on  the  use  of  the  Bradley /'Dudeney  profile 
for  connecting  the  E-region  and  E-region.  I am  gor  hack  again  to  statistics  really.  For  E-region  critical  frequencies,  *he 
models,  1 think,  allow  ±5%  variation  in  critical  frequency  between  the  90 % and  10%  days  of  the  mon’h;  and  there  an 
much  wider  variations  in  the  critical  frequency  in  the  F-region.  There  are  also  variations,  and  1 am  not  sure  how  well  me 
statistics  are  modeled,  for  the  thickness  of  the  F-region  Yet  -ve  use  a single  type  of  connection,  a single  type  of  profile 
between  the  E and  F-rcgions.  Can  I ask  Mr  Bradley,  or  some  of  the  other  people  who  use  this  profiie,  is  there  a need  for 
adding  a statistical  variation  onto  that  interlayer  profile? 

P. A. Bradley  - UK:  Further  developments  of  the  Bradley/Dudeney  model  have  been  proposed  by  Dudeney.  The 
proposed  model  consists  of  a parabolic  F; -region  and  a parabolic  E-region  and  some  intermediate  sections  which  are 
trigonometric  in  form.  These  scct'ons  give  a smooth  transition  through  the  height  profile. 

K.  Davies  US.  It  is  very  nice  to  have  the  sophisticated  models  that  were  described  in  this  meeting.  The  question  is,  are 
they  of  any  use  to  the  user?  Are  we  making  these  models  more  and  more  sophisticated  for  our  own  sakes  rather  than  for 
the  sake  of  the  usci  or  the  designer? 

L. W. Barclay  - UK:  My  job  has  been  to  try  io  interpret  the  valuable  work  the  scientists  do  for  the  man  who’s  got  to  use  it, 
so  my  first  consideration  has  always  been  to  try  to  talk  to  the  user  first  and  find  out  what  he  wants,  and  then  to  tell  him 
the  answer  in  language  that  lie’s  used  to  talking  in.  And  that’s  not  easy,  but  1 think  that’s  the  way  we  have  got  to  go.  We 
have  got  to  somehow  turn  our  predictions  with  all  the  sciences  built  into  them  into  some  sort  of  number,  some  sort  of 
measure,  that  the  man  who’s  got  the  job  of  using  HF  communications  can  really  hold  onto  and  understand.  We  are  trying, 
but  1 think  any  ideas  on  how  to  do  it  better  will  be  very  welcome. 

T.B.Jones  - UK:  We  had  in  Norway  some  years  ago  a gathering  of  a group  of  scientists,  a group  of  communications 
engineers,  and  a group  of  military  people,  who  are  the  .actual  users.  At  the  beginning  of  the  week  the  participants  didn't 
even  speak  the  same  language  let  alone  understand  each  other.  1 think  that  was  a very  revealing  meeting.  Dr  Davies 
summed  it  up  very  well  at  that  meeting,  saying  that  one  of  the  major  problems  in  communication  research  was  communi- 
cations between  ourselves  and  the  user  community.  1 think  that’s  a problem  tnat’s  still  outstanding  and  we,  as  scientists 
are  a little  to  blame  for  not  making  more  effort  i.i  this  direction.  People  like  Dr  Barclay  whose  job  it  is  to  translate  iono- 
speric  science  into  useable  terms  that  he  can  g,ve  to  Users,  have  very  demanding  ar.d  difficult  jobs. 

T.A.  Van  Gcem  - Netherlands:  I am  an  officer  with  the  Air/Staff  Training  Section  of  the  Netherlands.  It  seems  to  me  that 
we  have  three  levels  of  communication.  The  first  is  the  scientist,  the  second  is  industrial  and  military  liaisons,  and  the 
third  is  the  actual  user.  For  fruitful  results,  there  must  be  a translation  between  the  first  level  through  the  second  level  to 
the  third  level,  with  understandable  instructions. 

J.Rottger  - FRO:  The  smooth  behavior  of  the  ionosphere  shown  in  the  talks  this  morning  presents  a very  genera!  picture. 
There  are  variations  in  the  critical  frequencies  of  these  ionospheric  layers  that  can  be  included  into  forecasts  and  predict- 
tions,  as  has  been  pointed  out  very  properly.  We  also  have  some  disturbances  which  can  be  forecasted  by  some  means. 

We  must,  however,  realize  that  at  several  locations  of  the  globe  the  ionosphere  does  not  behave  smoothly.  For  example, 
at  polar  regions  disturbances  arc  quite  common;  as  at  the  equatorial  regions  during  the  post-sunset  period.  You  cannot 
fit  a parabolic  profile  to  the  F-laycr  under  such  conditions,  neither  can  you  define  the  critical  frequency  properly  due  io 
the  strong  density  gradients  For  HF  propagation  mode  in  the  equatorial  zone  one  must  take  scatter  into  account  as  well 
as  off-great-cirde  propagation  at  total  reflection.  While  the  equatorial  behavior  is  quite  common  and  possibly  predict- 
able, the  normal  model  parabolic  fit  can  not  be  used. 

T.B.Jones  - (US);  The  point  is  that  there  are  very  large  temporal  changes  in  the  ionosphere,  especially  in  Ills  auroral 
zoi;  , and  it  is  very  difficult  lo  include  these  in  a model.  1 don't  think  this  Ins  been  done. 

C.M.Rush  - US:  Some  years  ago  a group  of  aFCRL  (now  AFCL)  attempts  to  put  together  a polar  ionospheric 
model.  Averaged  over  all  time  in  any  of  the  simulations,  the  conclusion  war  reached  that  it  was  no  better  titan  that  which 
was  already  available,  namely,  in  the  form  of  the  ITS78  program.  This  pa  .icular  model  was  put  together  specifically  to 
look  at  the  impact  of  the  high  latitude  ionosphere  on  the  performance  .u  the  baekscatter  radar  system.  Even  though,  on 
the  average,  it  turned  out  that  the  results  on  the  new  model  were  not  belter  than  that  previously  available,  it  contained 
certain  quasi-permane.it  features  cf  the  high  latitude  ionosphere  such  as  the  high  latitude  trough  and  the  aurora!  irregularity 
zone.  That  enables  one  to  at  least  make  an  assessment  of  what  the  potential  impact  wouid  be  on  the  performance  of  a 
radar  system  if  the  high  latitude  trough  were  to  move  down  under  his  area  and  to  move,  back  up.  1 think  the  primary 
limitation  to  forecast  ano  predictions,  not  only  in  the  high  latitudes  but  also  the  equatorial  region,  is  the  fact  that  things 
are  changing  so  rapidly.  .It  makes  very  little  sense  to  attempt  to  develop  a prediction  scheme  that  requires  an  observation 
or  assessment  of  a geophysical  phenomenon  on  such  a time  scale-  that  by  the  time  you  get  that  information  to  make  it 
useful,  things  have  changed  so  much,  so  rapidly,  that  it’s  of  no  use  whatsoever.  There's  an  area  beyond  which  I don’t 
think  we  can  progress,  because  we  really  get  into  the  geophysical  noise  area  and  all  we  would  be  doing  raising  and 
lowering  tit?  noise  floor. 
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J.S.Nisbet  - US:  'flic  users  and  scientists  are  being  talked  about  as  two  different  people.  For  some  of  these  models  the 
scientists  themselves  are  users  - particularly  for  high  latitude  studies.  The  models  which  take  account  of  special  high 
latitude  features  (e.g.  cap  or  trough  regions)  are  very  valuable  to  those  who  study,  for  example,  damping  of  ionospheric 
wind  systems. 

E.V.Thranc  — Norway:  I have  two  comments.  One  pertains  to  the  predictions  at  high  latitude.  Some  years  ago  an 
attempt  was  made  at  our  laboratory  to  compare  the  behavior  of  a communication  circuit  with  an  ionospheric  reflection 
point  in  the  auroral  zone,  with  predictions.  When  the  operators  compared  the  frequencies  actually  used  with  those  pre- 
dicted - there  seemed  to  be  no  connection.  Further,  the  predictions  were  compared  with  lonosonde  data  just  south  of 
the  auroral  zone  with  very  good  agreement.  The  conclusion  was  drawn  that  the  predictions  hold  well  up  to  65°  north 
geomagnetic  latitude,  and  the  break  down  abruptly  as  one  moves  northward.  The  other  comment  refers  to  tile  paper  by 
Widdel  and  Lange  Hesse.  It  seems  that  for  the  first  time  there’s  an  indication  that  one  can  predict  Winter  Anomaly 
absorption.  Do  the  authors  have  any  suggestions  as  to  the  physical  mechanism  that  connect  the  air  glow  to  the  actual 
absorption? 

G. Lange-Hesse  - FRG:  At  the  present  time  1 have  no  physical  model  which  could  explain  the  statistical  behavior,  shown. 
The  only  thing  that  may  be  said  is  that  the  intensity  of  the  red  emission  in  the  air  g'ow  is  pioportiona!  to  the  square  of 
the  atomic  oxygen  concentration  in  the  lower  atmosphere,  say  at  about  95  kms.  The  two  factors  K1  and  K2  depend  on 
the  temperature  in  such  a way  that  increasing  temperature  would  also  increase  emission  1 think  there’s  a future  field  of 
activity  for  theoretical  work  in  this  respect. 

H. Soicher  - US:  On  many  occasions  we  have  tried  to  update  prediction  schemes  with  real  time  data  by  ionosondes. 

Since  the  ionosondes  are  located  in  specific  limited  areas,  what  can  one  say  about  a correlation  distance?  For  TEC 
correlation  distances  of  1000  2000  kms  do  exist.  What  are  the  correlation  distances  in  terms  of  F-max  or  critical  E for 
examples? 

N.M.Tomljanovich  - US:  It  was  pointed  out  that  a highly  variable  ionosphere  there  is  a limit  on  how  much  the  predic- 
tion accuracy  may  be  improved  by  a near-real  time  update.  However,  the  near-real-time  update  will  give  an  indication 
when  the  ionosphere  is  highly  variable,  and  as  such  it  is  of  value. 

T.B.Jones  - UK:  For  a signal  between  5 and  8 MHz,  a path  of  1000  km  the  correlation  of  absorption  variations 
dropped  to  .5  when  the  separation  of  the  path  midpoints  was  about  300  -400  kms. 

l.J.RothmuUer  - US:  We  have  a complicated  matrix  of  users,  modelers  and  models  and  what  happens  is  that  the  same 
word  gets  used  and  different  things  are  implied  about  it.  When  a user  claims  he  needs  a more  accurate  model,  or  a more 
precise  model  or  a more  realistic  model,  he  has  to  make  it  clearer  what  is  meant  by  “greater  accuracy".  Does  he  mean  he 
needs  to  know  reaction  rates  better?  Does  he  need  to  know  the  profile  better?  Does  he  need  to  know  morphology  better? 
What  exactly  does  he  need  and  what  is  he  going  to  use  it  for? 
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ll.J., Albrecht  - PRO:  This  general  discussion  period  should  focus  on  the  (uturc  direction  of  environmental  modeling  for 
the  optical  and  1R  portions  of  the  spectrum.  One  should  keep  in  mind  the  specific  requirements  of  the  military 
community  in  the  design  of  such  modeling  efforts.  To  quote  Lord  Kelvin  - "When  one  can  measure  a quantity  and 
express  it  in  numbers,  one  knows  something  about  it;  when  one  cannot  express  it  in  numbers,  one’s  knowledge  is  meager 
and  unsatisfactory".  Environmental  models  are,  of  course,  somewhat  different.  In  some  eases,  they  pose  an  iterative 
approach  to  the  solution  of  a problem,  and  must  be  improved  continuously.  Some  suggestions  1 would  like  to  offer  for 
discussion:  Applicability  of  Environmental  Models  to  Artificial  Modification  of  the  Environment;  Aerosol  Models; 
Environmental  Tests  of  Models  at  a limited  geographic  area;  Determination  of  Rainfall  Rates  and  Cloud  Formations  by 
Remote  Sensing  and  its  applicability,  humidity  as  a model  parameter. 

R.A.McClaichey  - US:  I am  going  to  respond  to  a couple  of  points  that  our  chairman  made  as  well  as  to  raise  another 
very  closely  related  point  here.  I think  that  the  models  have  become  quite  good,  in  terms  of  predicting  the  optical 
properties  of  the  atmosphere,  to  the  extent  that  the  input  data  into  the  models  is  adequate.  The  problem  that  1 think  we 
have  for  the  future  is  how  to  decide,  (1)  which  models  to  use  for  a given  situation  and  (1)  how  do  we  establish  that  the 
input  data  is  the  correct  input  data  It's  particularly  pertinent  in  the  case  of  the  aerosol  models  (and  by  aerosol  I mean 
haze,  fog,  dust,  clouds  - whatever  is  a particulate  matter  in  the  atmosphere).  In  case  of  the  molecular  influences,  we 
have  a reasonably  good  knowledge  of  the  molecular  constituents  of  the  atmosphere,  thorough  standard  meteorological 
measurements,  and  a reasonable  understanding  of  the  variability  of,  for  example,  water  vapor,  which  is  one  of  the  key 
molecular  constituents  that  affect  propagation  characteristics.  We  have  that  simply  because  we  know  how  to  measure  it 
pretty  welt,  and  we  measure  it  routinely  around  the  world.  On  the  other  hand,  in  the  case  of  aerosols,  we  don’t  have  a 
good  measurement.  We  don’t  have  a good  predictive  capability  either.  I think,  and  so  even  though  we  have  models  of  a 
whole  range  of  different  aerosol  effects  (whether  new  we  are  talking  about  rain,  or  cloud,  or  haze,  or  dust)  we’ve  got  to 
make  some  hard  decisions  (or  the  user  has  to  make  some  hard  decisions)  as  to  which  model  to  use  for  a given  situation, 
and  how  to  specify  the  input  data.  With  regard  to  growth  of  particles  due  to  relative  humidity,  we  do  intend  to  include 
it  in  ail  the  various  aerosol  models  that  will  be  introduce  into  the  LOWTRAN  Code  in  the  six-to-eighl  months  time  frame. 

H Fluess  - FRG:  Computer  models  are  the  only  useful  tools  by  which  to  introduce  artificial  atmospheric  constituents 
and  aerosols  in  order  to  prevent  communication  and  detection. 

D.S.Katz  US:  To  address  the  question  of  aerosol  models  and  the  relative  humidity  - one  of  the  driving  factors  ovc. 
water  is  the  relative  humidity.  If  one  talks  about  slant  paths,  the  calculation  of  the  relative  humidity  as  a function  of 
altitude  becomes  a difficult  problem.  We  saw  earlier  a model  which  depends  on  temperature  and  absolute  humidity  but 
the  relative  humdity  is  very  much  a function  in  a physical  sense;  (Arc  there  cicuds  there?  Does  it  go  off  to  109%  above 
you?  Or  arc  you  in  between  clouds?).  Those  arc  the  parameters,  1 think,  that  should  be  looked  into  in  future  modeling, 
not  just  temperature  and  absolute  humidity.  The  other  point,  mentioned  earlier,  is  that  we  do  have  a community  that 
requires  these  models.  There  is  a great  concern  within  that  community  that  people  spend  too  much  effort  on  details  and 
do  not  really  provide  them  the  simple  things  that  the  users  want  to  know:  whether  a system  will  work,  be  good,  or  bad 
or  somewhere  in  between.  This  may  mean  that  for  future  modeling  you  do  not  need  all  the  details  that  do  come  from 
detailed  spectroscopic  work. 

H J. Albrecht  - FRG:  In  a recent  interesting  experiment  by  the  US  Air  Force,  an  attempt  was  made  to  correlate  cloud 
data  obtained  by  remote  sensing  (satellite  observations),  with  aiieuuaiiun  on  Iropostaiiei  links.  In  ihe  geneial  sense, 
with  reasonable  assumptions,  tiie  correlation  was  quite  good,  and  this  represents  a confirmation  on  the  validity  ot 
hypothetical  assumptions  previously  made. 

R.B.Gomez  - US:  One  should  also  be  concerned  with  the  effect  of  winds  on  the  aerosol  size  distribution.  In  addition, 
no  mention  has  been  made  of  the  process  of  transport,  diffusion,  or  the  persistency  of  adverse  weather  once  it  has 
occurred. 

H.Fiuess  - FRG:  I agree  that  it  is  crucial  to  choose  the  correct  input  data  for  incorporation  into  a model.  One  should 
take  into  account  atmospheric  irregularities,  rain,  height  range  of  clouds,  and  the  probability  of  their  occurrence. 

H.J. Albrecht  - FRG:  An  attempt  to  use  average  meteorological  conditions  for  a certain  geographic  area,  including 
special  weather  situations,  is  quite  helpful.  This  was  tried  in  the  central  region  of  NATO,  which  is  quite  variable  as  far 
as  weather  is  concerned.  As  far  as  turbulence  is  concerned,  the  spectrum  is  to  some  degree  well  defined.  The  problem  at 
hand  is  the  association  of  clouds  with  some  kind  of  turbulence.  While  one  cannot  get  precise  data  on  the  turbulence 
behavior  of  clouds,  the  clouds  are  one  indicator  which  is  measured  continually  on  a statistical  phenomenological  basis, 
and  may  thus  be  used  as  an  input  in  modeling. 

W.Eckl  - FRG;  To  clarify  the  aim  of  the  program  which  l presented,  our  program  aims  to  set  a standard  reference,  with 
respect  to  which  various  systems  will  be  compared.  The  reference  need  not  be  correct  in  every  detail. 
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E. Lamport  - FRG:  The  approach  of  having  a general  weather  situation  is  wcil  aporccated.  However,  for  transmission 
ranges  of  10  to  20  km  the  assumptions  implied  are  crude.  The  introduction  of  a meteorological  statistical  grid  over  the 
area  in  question  should  improve  the  model  consideiably. 

K.P.Pirwitz  - FRG:  Measurement  taken  at  weather  stations  of  the  German  Miliiary  -Geophysical  Service  were  used  to 
define  areas  (over  distances  of  5 km)  wheie  the  weather  is  the  same. 

J.ROttgcr  - FRG:  To  follow  up  the  discussion  on  turbulence,  1 would  like  to  point  out  that  one  has  to  take  into  account 
clear  aii  turbulence  in  addition  to  cloud  turbulence.  The  former  may  be  of  greater  influence  on  the  propagation  of 
electromagnetic  waves.  If  one  observes  the  development  of  Ionospheric  Propagation  Models  during  the  past  tv'entv  years, 
one  would  conclude  that  Tropospheric  Propagation  Models  (at  least  as  far  as  turbulence  is  concerned)  in  the  optical  and 
El  IF  regions  are  a first  step. 

HJ  .Albrecht  - FRG:  I would  like  to  turn  the  discussion  to  the  subject  of  the  determination  of  rainfall  rates  by  remote 
sensing.  If  one  knows  the  rainfall  rates  with  any  sort  of  precision  one  would  have  a far  better  indication  of  the  attenua- 
tion behavior  of  satellite  and  ground  communication  and  navigation  links  above  — 10-20  GHz.  Since  rainfall  rales  at 
ground  level  are  no  more  than  those  in  existence  in  clouds,  cloud  remote  sensing  by  satellites  would  be  extremely  helpful. 

H.J.Jong  — FRG:  1 would  like  to  address  the  limitations  of  the  rainfall  intensity  measurements.  At  37  GHz,  only  rain- 
fall has  to  be  considered  as  an  absorber  and/or  scatterer.  In  the  analysis,  one  has  to  consider  the  height  distribution  of 
rainfall,  and  the  boundary  conditions  at  the  ground.  Since  no  measurement  or  calculations  of  the  distrbution  ol  the  rain- 
fall at  the  various  atmospheric  levels  exist,  one  has  to  assume  a median  value. 

R.A.McGatchey  — US:  There  is  a plan  afoot  that  is  probably  going  to  take  place  within  the  next  few  years  to  put  micro- 
wave  imaging  sensors  on  the  DMSP,  Defense  Meteorological  Satellite,  which  will  have  as  one  of  its  aims  to  measure  rainfall 
rate,  total  liquid  water  content  in  clouds  as  well  as  water  vapor.  1 can’t  comment  on  accuracy  c-1'  *hat  capability;  some  of 
those  things  are  still  being  thought  about  and  worked  out,  but  1 think  there’s  a serious  interest  in  this  and  I think  it  will  be 
probably  a sensor  that  will  be  constructed  and  flown  several  years  from  now. 


H.J. Albrecht  - FRG:  To  conclude  this  discussion  period,  the  general  conclusion  might  be  that  more  work  is  necessaiy. 
Pcihaps  hi  a few  years,  the  uiiecuuit  of  future  work  indicated  in  tins  meeting  woulu  result  in  now  information  and 
would  be  presented  at  future  AGARD  symposiums. 
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,14.  Abstract 

“high-performance  military  and  civilian  systems  operating  ir  the  aerospace  croironmerit 
require  propagation  media  characterization  to  meet  reliability  and  accuracy  goals.  The 
atmosphere,  ionosphere,  and  the  space  cnviionmer:.  -..institute  the  media  within  which 
waves  prop  o.aie.  The  users  of  communication,  navigation  and  surveillance  systems  must 
have  continuous  background  information  regarding  the  state  of  these  media  as  well  as  their 
variability  and  their  response  to  natural  disturbances. 

Ideally,  such  information  is  available  through  sophisticated  forecasting  techniques  based 
on  media  models  and  supported  by  periodic  (or  real  time)  updating  of  data  at  specified 
locations.  Modelling,  and  consequently  forecasting,  can  and  must  be  improved  significantly 
through  a better  understanding  of  the  governing  processes  of  all  the  interrelated  parts  of  the 
space  environment. 
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